wii 


For Reference 


NOT TO BE TAKEN FROM THIS ROOM 


SPECIFIC SURFACE OF MINERAL PONDERS 
BY 
THE AIR PERMEABILITY METHOD 


ey’ 
D.E. Pickett 


Cx apes 


UNIVERSVEATIS 
AIDERTALNSIS 


NaN) 


Digitized by the Internet Archive 
in 2018 with funding from ~ 
University of Alberta Libraries 


https://archive.org/details/specificsurfaceoOOpick 


UNIVERSITY OF ALBERTA 


FACULTY OF ARTS AND SCIENCE 


The undersigned hereby certify that they have 
read and recommend to the Committee on Graduate Studies 
for acceptance, a dissertation on "Specific Surface 
of Mineral Powders by the Air Permeability Method", 
submitted by Daniel Eugene Pickett, B.Se., in partial 
fulfilment of the requirements for the degree of Master 


of Science. 


Professor 


Professor 


Professor 


add x 


‘ ‘ ay . ' 4 aera 
i i i i Mn hla 7 2 Ck % un Ga 
‘ 4 j mt \l t Jy i oh p . ; 
- were ‘ ny, i ens wes Buta 
. i ; : ve ace f 1 it { 
1 i } i I \ ; 
; ‘ ROLE li k 
i! i i ’ A 
} { 
1 | | i 
a) ity,» , 4 
i} % i 
i 1 i i ub 
. 
Tie 
1 i i 
t Hl fi i i i 
i } | i f 
| , yeas 
i iy \ 
= t A i ia e f ( ) 
4 | nt | 3 7 | 
‘ 4 Wii Wy, f 
p \ i 1) aw i 4 
2 Pe i q { , y hie ; 
a 4 | 
, ee f "1 i} r 
é ] . Hy Mi 1 ‘ ’ i : : 
rit y yea Me : Ms 
4 \ AY : i ; 
‘he ‘ i ‘ } 


SPECIFIC SURFACE OF MINERAL POWDERS 
BY 


THE AIR PERMEABILITY METHOD 


By 


Daniel Eugene Pickett 


Department of Mining and Metallurgy 


University of Alberta 


A THESIS 
Submitted to the University of Alberta 


in partial fulfilment of the requirements 
for the degree of Master of Science. 


Edmonton, Alberta April, 1948 


‘ar 
WM 


‘ 


PREFACE AND ACKNOWLEDGEMENTS 


The investigations described in this thesis were carried 
out in the laboratories of the Department of Mining and Metallurgy 
under the supervision of Professor E.0. Lilge, whose helpful advice 
throughout the work and willing criticism of the manuscript have 
been invaluable. 

The writer wishes to thank Dr. K.A. Clark for use of 
the facilities of the metallurgical laboratories, and Mr. ReM. 
Scott for guidance and assistance in the preparation of the photo- 
micrographs. 

The writer also wishes to acknowledge the willing 
co-operation of the staff of the Research Council of Alberta who 
at all times contributed technical advice, use of equipment, and 
reference literature. In particular, the writer is grateful for 
the advice and encouragement given freely by Mr. A. McCulloch, 


Mr. WeAe Lang and Dr. D.S. Pasternack. 


10% Iutelery ab tod nw ae 


a 
+. 1 
1 
; \ 
1 


5 : vi 
i rw | a 
; : ‘* ; 
MD 
: “ 
A 
i ) . 
i aU u 5 i } 
t 7 
j oF f | 
i= ' P rl h . | b) 
j 7 he | 
. ' j oe ’ wey a : ae 
‘| ! 4 Ay | i . ie 
¥ i? 


SPECIFIC SURFACE OF MINERAL POWDERS 
BY 


THE AIR PERMEABILITY METHOD 
CONTENTS 


Preface 
Acknowledgements 
INTRODUCTION @eeoeodvevne7 oeeeoseoeovneosceoeneeeoeoseesvseea 9eeeseeeoeosvs 2929602838086 08 8 


THE ORE TICAL CONS IDERATIONS eeesasoeaoseneeo2ee2 6C@eGeesses O88 COS Geseesds @ 
Methods Used for the Determination of Surface eccccescece 


Indirect MethodS ceeccccccvsccerccecccrsecesceesececces 
Microscopic Size Analysis 
Screen Size Analysis 
Sedimentation Size Analysis 
Elutriation Size Analysis 
Calculation of Specific Surface from 
Size Analysis 
Summary 
Direct Methods sc ccccsccccccccccccccccescvccccsccecs 
Gas Adsorption 
Chemical Activity 
Turbidimetry 
Coercimetry 
Permeability 
Other Methods 
Summary 


DS UMINIA Yi ole'a'a! «1 a!e/olcle cle’ 1 ce! ee ole olel si e/elel se eleie)e) cleicie se «icicle « 

The Air Permeability Method ..ccccccccccvcvccccccercceces 
APPATATUS cocccrccccesccccescererscccveccsccvesececce 

Theory of Air Permeability ...cccccccccvccccccccccce 

Accuracy of the Air Permeability Method .ccccoccecoce 

ROPE MMM TAL, WVEOPTCAT IONS (oie ces cai aielcehe ie c)s t'e c/o % s.s\ei0 eels 


Calibration of the Air Permeability Apparatus ...cccccvoe 


26 


54 


37 


o7 


47 


59 


61 


61 


seen eee we 


& Pee ee ee ee | 
& PR ee eean ess 


} ee@ene eae eau 


bE Ce eC ee ae eee rr ee 


vb tsest ect eeteetectvlereegersses boddoll witli omret iA edt | 


le Teaater galley MES 


H t 


er, See or | Oe I a 


tee 


pen 


rh ee ee ee ee ee err err a ae 


Ge 7 


OB saecers suede bodltoll yi tidmemied <2 
4 ‘pula oai nese toveeee shee eeen, pean 


a Labsiduana te 


; . al F 


Preparation of Surface StandardS eesccccsccccccrccsesvee 61 


Preparation of Microscopic Glass Spheres ...se.e0. 62 
Sizing of Spheres by Blutriation cocccccccccccccee %2 
Microscopic Evaluation of Specific Surface ....see- 95 
Discussion of Results coccccccvcccccccvccccceccsese LOD 


The Air Permeability Apparatus ..cccrccccccccvecscccceee lll 


Design Considerations 

Apparatus 

Procedure 

Tests on Reproducibility 
Calculations of Experimental Error 


Calibration Curves for the Apparatus wccrccsessccccccee 127 


Curves for Glass Spheres 

Extension of Porosity Range with Quartz Powders 
Extrapolation of Curves for High Surface Values 
Tests on Composite Samples 


Accuracy of the Calibrated Apparatus .cccccceccccccece 145 


Accuracy of the Calibration Curves 
Error in Permeability Tests 


Size Surface Measurement on Pure Minerals cecccsccccccccccce 146 
Size Surface Measurements on Quartz Powders ....cecceee 146 


Procedure 
Tests and Results 
Discussion of Results 


Standard Precedure for Pure Minerals ceccccccccccccees 154 


Standard Elutriation 
Surface Determination 


Tests on Pure Minerals COHOSCCHTLCOHSSECHOHOOC SOS SFO EHTS HEHTOSO® 157 


Quartz 

Ground Pyrex Glass 
Pyrite 

Galena 

Cassiterite 
Discussion of Results 


Application to a Heterogeneous Powder .cesesoscccccces 167 


Surface Measurement 
Size-Surface Measurements 
Discussion 


Summary Tet elle ala eee el Ohe]|®)( Se), @)\@]|¢)\0)\8)\e).0,,¢) 6) ¢)/6) «0 \0)/0\6 © 60/0) eleele esl e.e)e 170 


is oe 


Ta 


[ 


Saf 


Off 


MG 


TOL 


Ort 


I 


{ 


eghnesesoebunenre ten ‘ebrabaade 


veecoss QOBIMNE OLTEDEGE to. moi ten Laws 


Ay Pera oy Ria 


oe eer wr eevee n era eae ges NP oe a 


Pree er ee eee reece eee een eae eet hatboni 


| eerie 
eeitierounouies MO areal. 


A ie he ma iat 10> bt eaunibaal 


der eae ae 401 sori potter 20 


‘pereige. outs 709 ‘gormd 
s1ebwod siya) didiw. ss pe Yiisoisy to doteacdx 
soulay oom tiwe fg eh TOT 2errud to: noltelogsidxit 

eelqne® eee Sear 


Coe eer wesereenee euseneggh beitaxdt eo on “to yost094 


* 


eve: nokd andi Loo ‘ite te yoowoos, 
araet Mott weno me Tom 


Be eRe care eiteaers atexpait otha. 0 hyemewwaee! eoetiwe ote 


a 


janve nsec. ANEbWOU Siveuo sisal a cag 


| giwbeoord 
adiuacd hoe etal 
adivaad tte HoLeanoasd 


Gerke epeeerounses BLSTOREM OS ae guarbinnd et babes’, 


sottetutula brabaeds 
nottentorede Q sostine 


a re ee ee aletenth ru mo, adaet 


\ adunanp 
aeeLt) nated brio) 


| etitetiaaed 
ad Lugo to: mo Pe suoetG 


eeesesesveseeces TEDWOU suoouoye Tote e oF woktaeh aah 


edirontertemsh eo e tis 
mogeavosid 


» 


eee Se 
} ‘ ‘ \ 4 me aa 


CONCLUSIONS S@eseovoeveo cs eoeseseeoeoespeoeseeveewoescoaseseseeeseeevnesvesesesvseseseeveeese & @ 171 


RECOMMENDATIONS @eeseecoedvueoseeesev es eoeseeosew@ Csoesveeeeoeseseeeseeeeseseeeeteeq#seerxe se @ 174 
Appendices : | 


References 


ie 
7 ; 
a | 
\ 
' 
1 
4 
‘ 
’ 
& 
* 


SPECIFIC SURFACE OF MINERAL PONDERS 
BY 
THE AIR PERMEABILITY YETHOD 


The object of this investigation is to develop a simple and 
easy application of the permeability method of surface determination 
which can be used in the practical evaluation of efficiency of mineral 
dressing operations. 

In mineral dressing, extractive metallurgy, and other 
processes of the mineral industry, the preparation and treatment of 
vast quantities of powdered material is necessary. In all cases the 
efficiency of these processes seems to be related in some way to the 
amount of surface in the material treated. For example:- in ay tuatene 
the energy consumed is a direct function of new surface created; in 
flotation, reagent consumption is a function of the surface of the 
mineral particles; in leaching, the rate of dissolution of mineral 
varies directly with the surface exposed to the chemical; and in flash 
roasting, the completeness of oxidation is a function of the surface. 
Therefore the development of a method to measure the surface area of 
powders is certain to be of importance in the treatment and utilization 
of eerie materials. 

Many investigators have attempted to set up mathematical 
formulae for the evaluation of surface in ground products, but have 
been more or less unsuccessful in their efforts, because in such a 
mathematical treatment the necessary fundamental theory relating 
Surface to particle shape and size is lacking. Although theoretical 


assumptions as to shape and size can be made, the accuracy obtained 
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is not good and does not seem to warrant the tedious mathematics involved. 
The possibility of extending fundamental Imowledge so that a well boee 
mathematical treatment of surface determination can be evolved, should 
not be overlooked, but until such data are available, some other method 
is needed to serve the mineral industry. 

For the moment it would seem that a method is needed which is 
Simple in application and eliminates theoretical assumptions and statist- 
ical approximations. In this investigation a start has been made to 
evolve such a method. It involves the use of the permeability method of 
direct surface determination and circumvents theoretical considerations 
of shape and size by correlating all data to a common standard of 


unquestioned validity. 
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THEORETICAL CONSIDERATIONS 


In order to assess the merits of the many methods which have 
been used for surface determination, a study of relevent literature 
was made. The results of this study indicate that for the purpose of 
routine testing the method with the most favorable characteristics is 
the air permeability method. 

A further detailed study of the theory and application of 
the air permeability method was made to determine the controlling 
principles and possible range of application. 


In this section accounts of these studies are given. 


METHODS USED IN DETERMINATION OF SURFACE 

A discussion of the various methods of surface determination 
is given here to indicate the limits of application of these methods, 
-and to show the advantages of the permeability method over the other 
methods. 

The methods, in general, utilize all the physical properties 
of particulate matter and attempt to relate these properties to surface. 
Their accuracy depends on two factors: 

(1) The measurement of the physical property. 

(2) The relationship between the property measured and surface. 
Inaccuracy in either factor may cause error in the resulting surface 
value. 

The methods may be classified generally into two groups: 

1. Indirect Methods. 


2. Direct Methods. 
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INDIRECT METHODS 

Indirect methods of surface determination involve the measure- 
ment of the size of the particles and subsequent mathematical calculation 
of the surface. 

Normally the calculation is carried out from some linear 
dimension of the particles. Any method therefore requires the following 
information: 

(a) The linear dimensions of the particles. 

(0) The distribution of the sizes by weight. 

(c) A factor relating linear dimension to surface. 

The common indirect methods for obtaining the required data 
are: 

l. Microscopic methods. 

2, Screening corhods. 

5. Sedimentation methods. 

4, Hlutriation methods. 

Since any indirect date ei ple on depends largely upon the 
final method of calculation, this phase wit be considered after’ 
discussing the individual methods of size analysis. 

Microscopic Size Analysis 

The most commonly used method of obtaining the particle size 
distribution of a powder is by microscopic measurement and count. 

GeL. Fairs of Imperial Chemical Industries +) states that the microscope 
affords the only reliable method available for size analysis in the 
-5.0 micron to +0.3 micron range. 


Figures in parenthesis refer to bibliography at end of this thesis, 
6.g. (5-118) indicates reference number 5, page 118. 
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Details of technique are more or less standardized and the 
American Society for Testing Materials Specification #20-337 2) gives 
the general procedure. Specific methods are given by Heywood (3), 
Buscuiers(“), Gageent\ -!"°). vrumboint©), Pieters and Hovers''), British 
Coal Operators! Research Association(!), and others. The chief factors 
to be considered are: 

(1) Accurate sampling. - 

(2) Complete dispersion, 

(3) Attainment of uniform field. 

(4) Adequate magnification and definition of particle boundary. 

(5) Accurate method of measurement - 

(6) Proper selection of grade limits. 

Sampling,in addition to all the normal difficulties discussed 
by Taggart (O71), is made more difficult by the small size of sample 
required. Microsplitters of various designs are used but the error in 
Sampling can be great. 

Dispersion is a matter of proper choice of mounting medium 
and good dispersion technique. The medium should be fluid enough to 
permit of mechanical dispersion and still viscous enough to suspend 
particles after dispersion until transferred to the slide. Liquids 
-which possess these qualities are glycerol and water, glycerol and 
alcohol, glycerol jelly, glycol, balsam in xylol, rubber cement, styrax 
im xylol, saponim, ete. if a permanent fixed mount is required by the 
method, the diluent ee ai medium should be volatile. Mechanical 
dispersion in the medium must not abrade the material but must result in 


complete separation of individual particles with no flocculation. Several 
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techniques are used, stirring with a high speed agitator or brush Sefer 
recommended. 

Uniformity of Pield is dependent upon the medium and the 
mounting technique. Several techniques are used, all subject to 
criticism by contemporary re en the final test of a good 
technique is the uniformity observed under the microscope. Fine powders 
between close limits of size are most easily handled. Extremely 
heterodisperse powders containing coarse material are very difficult to 
handle. 

Particle definition depends upon the microscope used and the 
difference in refractive index between the medium and the material. It 
has been found by Fairs‘) that the lower limit of the microscope is 0.3 
microns, and for sizes below 1.0 micron,monochromatic light and a very 
good condenser must be used to obtain proper definition. For powders 
finer than 0.35 microns, Arne11(8) claims accurate results with the 
electron microscope. 

Magnification and method of measurement go together. The 
A.S.TeM. Specification prescribes that measurement of particles below 
1.0 microns must be accurate to 0.1 microns, so magnification must permit 
of this. The filar micrometer ocular, the Whipple disc, or the Patterson 
graticule, are all used and recommended for direct measurement under the 
microscope. This is an extremely fatiguing procedure and it has been 
found by Imperial Chemical Industries(!) that two workers are required 
at each microscope for satisfactory work. Even then the time required 
is excessive since 200 to 500 particles must be counted and measured. 

A more satisfactory method, as regards time and accuracy, is to prepare 


photomicrographs with a magnification which will permit of measurement 
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with a scale. This requires laboratory facilities not always available. 
Projection of the field of view upon a screen is also usea(?), 

Choice of method is determined by the apparatus available, the 
nature of the material, and the accuracy required. Method of calculation 
also determines the data required and the ee to be used. 

The peilecuieniod grade limits affects the accuracy of the 
resulting size distribution, and determines the method of calculation. 

Although considerable error is inherent in the microscopic 
aethod, from a practical viewpoint the method is sufficiently accurate 
for the purpose, since conversion of the data to surface involves an 
assumed shape factor which tends to destroy any accuracy obtained by 
more tedious microscopic procedure. The method will not give true values 
except for powders of spherical or other regularly shaped particles. 
Screen Size Analysis 


Screening is the most convenient method for determining particle 


Size distribution of plus 200 mesh material. The screens and the techniqu 


to be used are standardized by the American Society for Testing Metenteis 
the U.S. Bureau of Standards(19), and the British Bngineering Standards 
Association. The specifications for screens for the three standards are 
given by Taggart (97105) | 

Although a system for calculation of surface from screen data 
wes developed by Goghil1(11-261), the determination is of little use 
Since the surface of the coarse screen sizes is of very little importance 
in ore dressing when compared to the surface of the subscreen material. 
Sedimentation Size Analysis 

Sedimentation methods of sizing are based upon the principle 


that different sized particles of the same specific density and shape 
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have different settling velocities in a fluid. This results in a more 
rapid settling of coarser particles to the bottom of the sedimentation 
chamber. Successive samples of the suspension taken at a given level 
will measure this velocity and a size distribution curve can be calculated. 
Theoretically the methced souls be very accurate but practically several 
factors make it approximate. These are: 

(1) Limited accuracy of formulae 

(2) Shape factors 

(3) Temperature and specific density variations 

(4) Difficulties of measurement. 

Settling Laws: The mathematical laws which have been derived to 
calculate the settling velocity of a particle of given size differ 
considerably for various size ranges. The most generally accepted is 
Stokes’? Law which is derived from theoretical considerations involving 
the coefficient of resistance to movement of a particle in a fluid, and 
the Reynolds number relating movement to viscosity and density of medium. 
In its usual form Stokes! Law expressed buihometacd bly for spheres is 


2 
- (di - 42) er® 
ae ee 
where v = velocity of settling 


Vv 


d,= density of material 
do= densaby or Piuird 
 ="viscosity of fluid 
r = radius of sphere 
g& = gravitational constant 
This law applies only over a restricted range where the 


relative motion of liquid past the particle is streamline flow, and 
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holds for spheres between 85 microns and 0.1 microns in water. 

For particles below 0.1 microns, the conditions and equations 
for streamline flow do not hold since the particles are small enough to 
slip between the molecules of fluid. Therefore the terminal velocity 
increases as given ing Cunningham's correction to Stokes! Law (11-17), 


For particles settling under conditions of turbulent flow the 


Via KY Gia & d2 5 
d 


ra 


Newton Law is postulated: 


where Ky, is a factor varying with the shape of the particle and equal 
to 25.4 for spheres. For other shapes, values of Ky, are tabulated by 
Dallavalle (11-16), 

For conditions of settling between streamline ae turbulent 
flow no equations are given which seem wholly satisfactory. A common 
assumption used by Oseen, Goldstein, Budryk, and Wadde11 (12-172) | is 
that the resistance to fall is approximately equal to the sum of both 
turbulent and streamline resistances. The individual formulae do not 
fit experimental data unless an empirical coefficient is introduced. 

Formulae covering the whole range of particle velocities 
have been used by Aiten Viale). Needham and 7421 (15), and Gaudin(12-175), 
These formulae give the general relationship between ee Number, Res 
and the Resistance coefficient, C;. In practice the value of Cy is 
obtained by calculation, from tables, or from graphs, and substituted 
in a general formula for settling velocity. 

Other expressions for settling velocity and more detailed 


(11-ch.1 


mathematical treatments are given by Dallavalle 1) Krumbein and 


Pettijohn(®-V1) and Gaudin(l@-VIII), 
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Shape Factors: Particle shape affects the results of the above 
equations considerably. Values to be used for spheres and other mineral 
shapes under streamline and turbulent conditions are tabulated by 
Dallavalle (11-16), Richards gives equal settling ratios by which the 
velocities of fall of typical mineral particles are referred to spheres. 
These values are tabulated by Gaudin(12-187) | and Taggart(l4), 
Conditions of Test: To obtain. consistent results in sedimentation 
analysis certain conditions must be maintained and standard procedures 
must be followed. The standard conditions necessary are: 
(1) Stream line flow. 
(2) Free settling. 
(3) Freedom from convection currents. 
(4) Perfect initial dispersion. 
(5) Maintenance of dispersion - 
(6) Freedom from disturbance of conditions during test. 
Streamline flow conditions have been found best for sedimenta- 
tion work since the settling laws fit these conditions most closely. 
These conditions are obtained by using fluids related to particle size 
so that the Reynolds number is kept below 4,o(15), For particles with 
diameters between Q.1 and 85 microns water is satisfactory. Air is 
suitable for very fine particles and has been used by Pieters and 
Hovers (15), : 
Free settling without hindrance from walls or other particles 
is necessary. Therefore the sedimentation chamber must be large enough 
to minimize wall aa, Krumbe in(6) recommends that the tube diameter be 


not less than 5 centimeters, and that the density of the suspended solid 
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be not more than 25 grams per liter to ensure free settling conditions. 
Andreason recommends a3 to 5 per cent. suspension py weight (5-125), 
The A.S.T.if. standard method for soil testing\!°) specifies a 3 per 
cent. suspension. 

Convection currents can cause a very serious error particularly 
in the small size fractions. To control temperature and convection 
currents the sedimentation chamber is normally enclosed in a thermostat, 
if minus 10 micron material is under test. 

Perfect initial dispersion of powder in the medium is assumed 
as a condition for most methcds. Mechanical dispersion of some type is 
necessary to break up flocculated material, but should not produce fines. 
Common methods are agitation in a bottle, or in some cases in the 
apparatus, or stirring with a high speed stirrer. The agitation must be 
continued until results indicate no flocculation of material. A chemical 
wetting agent added to the material assists dispersion. Methods of 
determining the degree of dispersion attained,are discussed in the report 
of the British Coal Research Associations Conference. on Particle Sizing (1), 

Perfect dispersion must be maintained throughout the test or 
the results will be incorrect. Low density of suspension assists in 
this. A dispersion agent is usually used. Common dispersion agents 


are listed by Taggart (5-117), 


Dispersion agents of different types are 
discussed hy W. Fryer(!), with special emphasis on details of concentra- 
tion and time of at ad Pieters and Hovers tabulate results of 
tests on various dispersing agents at different concentrations. 


The rate of sedimentation should not be disturbed when the 


reading is taken since time is cumulative in most methods. If the 
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procedure necessitates the removal of a portion of the suspension at a 
specified time, or the introduction of an instrument, this must be done 
very carefully so that sedimentation conditions are not disturbed. The 
introduction of an instrument which reduces the cross section of the 
chamber may cause considerable wall effect. 

In addition to ensuring the above conditions certain techniques 
are necessary to maintain accuracy. Sampling must be representative and 
accurate since samples are small for most methods. Accurate determination 
of the specific gravity of the powder is very difficult and requires very 
accurate apparatus and careful technigue. 

Sedimentation Methods: Several methods have been devised for 
sedimentation analysis which have a limited accuracy depending on the 
fulfillment of the above conditions, and upon the accuracy of the specific 
methods used to measure sedimentation rate. These methods are classified 
by Schweyer and Work(17) as being either (a) Increment, or (b) Cumulative 
Methods. 

(a) Increment Methods. In the Increment methods the change in 
concentration at a given level is measured. The assumption is made that 
this change in concentration is caused by depletion of particles whose 
velocity is such that they have fallen below the point of tet eae 
in the measured time interval. If the settling depth in the time 't' 
seconds is 'H! aS cacti daindy then the velocity of such particles must 
equal or exceed H/t. Therefore substituting in Stokes! Equation the 


limiting diameter of such particles is given by the formula 
Drs p/UsS Th OOO U ME 
d,; - do 17 


where D * diam. of particle in microns 
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U = viscosity of fluid in poises 
H = depth of measurement in centimeters 
dj= Particle density, grams per c.c. 
do= Medium density, grams per CC. 
t = time of settling in seconds. 
‘This equation holds for spheres (18), 

The actual measurement of change of concentration may be done 

by several methods; 

(1) Pipette methods - 

(2) Hydrometer methods, 

(3) Pressure methods .- 

(4) Photometric methods - 

(5) Photographic methods, 

(6) Centrifugal methods. 
A full discussion of these sizing methods may be found in any text book 
of sedimentation and sizing analysis. 

(>) Cumulative Methods. In the cumulative methods the same 
assumption is made as to size of particle as in the increment method. 
However the quantity of material accumulating at a certain level is 
measured, rather than the loss of material at a certain level. 

Measurement of material accumulation is by: 

(1) Sedimentation balance. 
(2) Pressure manometer - 
These methods are subject to ce aan n aia error since uniform conditions 


cannot be maintained throughout the chamber. 
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Elutriation Size Analysis 
Although based on the same laws of particle settling as 
sedimentation methods, and sometimes considered a sedimentation method, 
elutriation differs in that, in addition to a size analysis, separate 
Sized fractions are obtained as products of the operation. Where only 
a@ size analysis is required,sedimentation is more accurate and much 
Simpler. If subdivision of the powder into sized fractions is required, 
elutriation is nibontates® 
Sized fractions are desirable for surface determination since 
it has been proven that different size fractions have different 
Sphericity factors. Accurate microscopic measurement of powders requires 
that the powder be first divided into fractions of limited range, so 
that good slides can be prepared and all particles will be in focus. 
Also if distribution of surface in a powder is to be determined by a 
direct method, the powder must be divided into fractions (2) (24), 
The same assumptions as to particle settling velocity are made 
as in sedimentation. The same general conditions as listed on page 10 
are necessary. 
Rlutriation methods may be divided into three classes; 
1. Fractional poueling ° 
2. Rising current elutriation - 
sinpendate air elutriation. 
Fractional Settling: In this method normal sedimentation is allowed 
for a predetermined time until all particles coarser than the required 
Size have settled to the bottom. Then the suspension medium with the 


suspended fine material is siphoned or decanted off. Since considerable 
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fine material settles out with the coarse material, the settled portion 
must be repulped in fresh medium and the operation repeated until the 
reguired clean coarse fraction is obtained. 

The accumulated suspension, now containing all material below 
the size required in the first stage, is next repulped, and the next 
finer fraction obtained by use of a greater settling interval. This 
cycle is repeated using a longer settling time for each cycle until the 
required number of fractions is obtained. To obtain greater accuracy 
each fraction may be retreated to remove any coarse particles accidentally 


carried over in siphoning or decantation. 


The method is capable of very gocd sizing and is the only 
method by which a highly accurate fractionation can be carried out. 
Battelle Institute (19) sizes microscopic glass spheres by this method, 
preparing sized fractions 90 per cent. within a 4 micron range. 
Stienherz (4) prepared fractions for microscopic study by this method 
using a train of jars with vacuum siphoning arranged to carry out 
several operations simultaneously, thus reducing the time ade volume of 
fiuid required. But by any arrangement the method is very tedious and 
is only to be recommended for analytical work where high accuracy is 
required. 

Rising Current Elutriation: This is the most common method for 
Sizing a powder Aces several fractions. The fluid used may be either 
liquid or air. A rising current is produced in the elutriation chamber 
with a velocity equal to the fe audene settling velocity of the smallest 
particle desired to remain in the chamber. All the smaller particles 


of lower terminal velocity gre carried over in the overflow. 
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For calculation of this particle size some settling law must 
be assumed. Normally Stokes! law is used assuming stream line fiow. 
Theoretically then, the accuracy of the sizing will depend upon the time 
allowed for particles, only slightly smaller than the limiting size, to 
rise from the bottom of the chamber fol ths overflow level. Actually 
several factors decrease the accuracy considerably. 

(a) Liquid Current Method: It is practically impossible to 
produce absolutely streamline flow in a chamber without using liquids 
of high viscosity. The entrance velocity must be dispersed uniformly 
across the chamber and then must be kept uniform. If the first condition 
were obtained the drag of layers of liquid against the wall would destroy 
the omnes Also as the liquid approaches the overflow level, 
induced currents due to outlet velocity destroy the streamline effect. 
The result is verging upon turbulent flow, as proven by Needham and 
irr 19) who found the calculated balancing velocity in elutriation was 
not equivalent to the particle terminal velocity, with Reynolds numbers 
in the range approaching those found in turbulent pipe flow. Streamline 
flow would mecese i tate a plane velocity front. Evidence that the 
valoeity front in straight tube elutriators approaches parabolic is 
given by Tageart(o-117), However, as pointed out by Taggart, lack of 
stream line flow is not a serious cause of inaccuracy except that it 
causes some overlap of fractions and makes the theoretical determination 
of limiting size approximate. The actual limiting size can be determined 
by microscope. At a given velocity results are reproducible. 
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Assuming a satisfactory accuracy of cut between overflow and 


retained material, an increase in current velocity will produce another 
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Peles of coarser material. The overflow may be elutriated at 
successively lower velocities to give finer fractions. In this way any 
number of fractions can be produced, and weighed to obtain a sizing 
analysis. With a uniform fluid velocity, a series of tubes of increasing 
diameters will produce a series of fractions decreasing in limiting size 
in one epereticn.| This latter arrangement is called a series or multiple- 
tube elutriator. m 

The same disadvantages as to time and volume of fluid affect 
the utility of elutriation although not as seriously as in the fractional 
settling method. Time for fine fractions may be as great as 24 hours 
with some types of apparatus. This may be reduced by shortening the 
actual sizing column. Liquid volume is greater with coarse sizes and 
less with finer sizes. 

Design of liquid elutriation apparatus has undergone many 
changes in attempts to overcome overlap of fractions, reduce the time 
and liguid volume required, and increase the size of sample. The 
various designs are illustrated and discussed very thoroughly by Krumbein 
and Petti john\©7"2), and by Taggart (9-109) , Tube designs vary from the 
long cylindrical tube used by Gross (29) and Probert (21), to spe@ial glass 
shapes developed by Andreason(§-V1), The Andrews Kinetic Blutriator (5-112), 
and the U.S.B.M. Blutriator (5-113), employ complicated mechanical 
apparatus which is expensive and is only slightly more accurate than the 
simpler types. Technical modifications for stirring, baffling, and 
measuring current velocity are numerous. Multi-tube elutriators of the 
Mount Morgan type (5-112) , Andreason type, and the Duteh States Mines 


type (7) are normally used for routine testing. 
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(bo) Air Current Method: Air elutriation has the advantage 
of Peery reducing the time required for analysis since the terminal 
velocity Be falling particles in air is much greater than in liguid. 
Loss of fractions in filtering and drying after elutriation, a common 
cause of error in wet elutriation, is avowed in air elutriation. The 
method is therefore better adapted to routine testing. 

There are three main disadvantages which make this metnod 
less accurate than liguid elutriation: 

(1) Fluid movement is definitely turbulent flow « 

(2) Flocculation of fines is common since no dispersing 
agent can be kept in solution. 

(3) It is almost impossible to prevent clinging of fines 
to the sides of the tube due to electrostatic effect. 
These disadvantages cause greater overlap of fractions than in the 
liquid method. 

The same principles of design apply as for liquid 
elutriation. The common type of single tube air elutriator is that 
of the U.S. Bureau of Standards described by Tageart(o-l1s), A similar 
type with simplified flow measurement apparatus is used by the Dutch 
States Mines (#1), Dallavalle (11-72) uses a tube with centrifugal 
dispersion by compressed air jets and a cyclone type collector. 

The gee successful multi-tube type is the Haultain 
Infrasizer employing conical tubes and ball-jet air inlets. This 
apparatus is used for rapid routine testing by many ore dressing 
laboratories. The high speed jet breaks up flocs. The apparatus is 
described by Taggart (o~116) and operating characteristics are 


discussed in a report by Lake Shore starr (22), 
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Dynamic Air Elutriation: The Roller air-elutriator (3) 
operates on a dynamic principle by which an air jet in a U-tube sorts 
the material into two fractions, the finer being carried over into a 
collector. Elutriation producing one fraction takes up to six hours 
but the accuracy obtained is considerable better than that obtained 
with rising current types. 

Comparison of the relative accuracy of the various types of 
liquid and air elutriators is difficult since there are no standards 
by which the absolute size of the product can be measured. All types 
have disadvantages which make them unsatisfactory with certain types 
of material. In all air elutriators clinging fines and flocculation 
make determinations of minus 10 micron material useless. Also control 


of air flow is very difficult without intricate control apparatus. 


Calculation of Specific Surface from Size Analysis 

In discussions of surface of ground products, the unit of 
surface is the square centimeter, and the amount of surface in one gram 
weight of material is called the Specific Surface. This terminology is 
now universally accepted as standard although other meanings for 
"Specific Surface' may be found in earlier technical writing. 

The calculation of specific surface of a powder is not a 
Simple problem due to shape considerations, and will therefore be 
developed here by discussion of the cases which may be encountered in 
order of increasing difficulty. These cases are: 

1. Powders composed of spherical particles. 

2. Powders composed of particles of known shape . 


5. Powders composed of irregularly shaped particles. 
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Spherical Particles: The simplest case is that of a powder 
composed of uniformly Sided spheres of one material. If the material 
has a specific density 'd' and the spheres are all of diameter 'D! 
microns, then the specific surtqges 1st in square centimeters per gram 
will be accurately equal to the surface area of one sphere times the 


number of spheres in one gram, or 
/ 5 
= TDS x (20%) 
(104 )@ Lg d?a 


= 60000 (1) 
dD 


Consideration of the second case where the spheres are not 
all of the same size, involves either tie establishment of a mean 
diameter or the summation of the areas of each size grade or fraction. 
Two problems affect the accuracy: the size limits of each grade, and 
the mathematical approximation in computing the mean diameter of each 
grade or the mean diameter of the whole sample. 

Any systematic subdivision into grades may be used but the 
most commonly accepted method is to use grades in which the limiting 
Sizes of successive grades bear a constant mathematical relationship. 
Theoretically the mean size of each grade should be weighted toward 
the surface mean but this involves tedious calculation and the normal 
method is to use the arithmetical average of ene grade Limits as the 
mean, keeping the limits of the grade as close as practicable. 

If then the sample is divided into grades of mean diameters 
Di, D2, Dg, etc., microns, and the number of particles in each grade 


are nj), No, nz, etc., the total surface in each grade will be, 
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The total surface of the sample will be, 


qT Zn vd? 
Tos i 


Similarly the total weight of the particles will be 


The specific surface for the sample,with small error,will 
be equal to the total surface divided by the total weight, or 


§ = 60000 x Sn De 
d =n D9 


Comparing with equation (1) it is evident that Zn D° is 
ae ) 


> eee 
equivalent to the mean surface diameter, Dg, which may be found 
directly from the distribution data(5-145), so that for unsized 


spheres of common specific density 


S = 60000 | (2) 
ad D, 
where D,= Zn Do. (S) 
Sn De 


The accuracy of this value depends on the approximation 
involved in the mean diameter of the individual grades. 

Particles of Known Shape: Since the derivation of equation 
(2) depends upon the particles being spheres it cannot be used in the 
case of powders of nonspherical particles without consideration of 
the effect of ee In the case of spheres the factors relating 
surface and diameter are known. Similarly for cubic particles there 
is a fixed relation between surface and diameter. But for any other 
regular geometric shape the concept of diameter is not rigidly defined. 


For such regular geometric shapes, separate formulaefor specific 
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surface can be derived based on the linear characteristics of the 
particle. 

As this method, if applied to all possible shapes, would 
involve a great many equations, several attempts have been made to 
relate some characteristic dimension of the particle to the surface of 
a sphere so that equation (2) can be used. Then if some equivalent 
spherical diameter, De, can be derived, ; 


S = 60000 , (4) 
d De 


This necessitates a factor for each shape relating the 
dimensions of the particle to Dg. For example, for cubes the equivalent 
spherical diameter will be slightly greater than the cubical diameter 
De as shown by calculation. Since D, mace be the diameter of a sphere 
with equal surface to the cube, 


qe = 6 De 


or D, =a < = 1.582 


De 
or D, = 1.082 DD, - 
Then for a powder composed of cubic particles, 


S) = GOeoe. = 60000 


“dDe «= (1382 De)” 
where D, equals the mean surface diameter for a heterodisperse powder. 
Similar calculation is possible for all shapes if De can be 
related to a certain dimension by a factor. 
However since diameter is an artificial ee regular 
geometrical shapes other than spheres or cubes, a more rational system 
has been evolved relating surface to volume. In this system the ratio 


of the surface of a sphere of equivalent volume to the surface of the 


Bs Be Sustine wit of efottxag odd 10 aoxene 
“gneleviups edd eecuo 101 <olgnaxe 0% bi 
~ sptometin Feotdue edd cum vedas wetitte od Edw redone eet 
-efendks2 g to “totsaaib ont ed Sen Es conte ioids ; wo 
: .esloidisy ofdvo to beae es 


I 


od iad, gf Yi eauesla ifs 102) eidtaaog.2i nok 


| ce vie pian ‘Yo. 


ea 
actual particle is defined as the sphericity. Values of sphericity 
for common geometric figures are tabulated by Tageart(°-141) and 
Gaudin(12-195) and vary from a maximum of 1.0 for spheres. To relate 
this concept to calculation of specific surface from linear measurements 
requires the calculation of the equivalent volume of the particle. 
Irregular Particles: From the consideration of theoretical 
powders composed of regular geometric shapes, some idea can be 
obtained of the difficulty of ootalaiae an accurate value for specific 
surface when the shape is known. When an actual powder of one material 
composed of natural irregular shapes is considered, the number of 
assumptions and approximations can cause considerable error in the 
specific surface determination. The uncertainty of these calculations 
is reflected in the multitude of theories, formulae, and methods of 
determining particle size and surface which are published in the 
technical literature. 
The first stage in obtaining the specific sarees of a 
natural powder is to measure some characteristic of the individual 
particles which is representative of the mean size of all the particles. 
This statistical characteristic is normally called the particle diameter. 
In microscopic work several "diameters" have been proposed 
by investigators. None of these takes full account of the thickness 
of the particle a iileh is something less than the diameter obtained from 
measurement of the particle as it rests on the slide. The most 
cormonly used measurement is Martin's statistical diameter which is 
the diameter which bisects the area of the particle measured parallel 
to a fixed direction. This diameter has been shown by Heywood (®) and 


Stienherz (4) to differ from the equivalent circular diameter, Dy, by 
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less than two per cent. The equivalent circular diameter or mean 
projected diameter is the diameter of a circlé with the same area as 
the projected area of the particle. Another diameter measured is the 
equivalent spherical diameter, De, the diameter of a sphere of equal 
volume. This requires measurement of the volume of the particle, by 
counting the number of particles of powder making up a given volume 
of material. Factors for comparing equivalent spherical diameters are 
given by Taggart (5-140), Feret's statistical diameter is also used, 
which is the number mean of all maximum diameters measured parallel 
to a given axis. Wadde11 (5-141 ) measured the diameter of the sphere 
circumscribing the particle. 

The conversion of the nominal diameter obtained, into a value 
of specific surface is not as simple as for regular geometric shapes. 
Several systems have been proposed. Of these the two most commonly 
used are the two described above for regular geometric shapes involv-= 
ing De or Dee 

If the equivalent spherical diameter, De, can be determined, 
equation (4) gives the specific surface. The accuracy of the result 
depends upon the degree of approximation involved in the equivalent 
diameter. 

Given a statistical diameter, D,, a factor of sphericity can 
be used to obtain the surface of the equivalent sphere and the specific 
surface can be calculated. ) 

Heywood (3 ) proposes a method in which a factor for particle 
area and a factor for particle volume are assigned to regular geometric 
Shapes. By judgement under the microscope the typical shape is selected. 

Martin's diameter is measured and the factors are applied to obtain 


the specific surface. 
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To use any of the above methods an approximate shape factor 
must be determined. Many actual measurements of shape factors are 
published for specific materials but are only applicable to the 
material measured. These measurements are all made on macroscopic 
fragments of crushed material ana are no doubt accurate. Table 5 


in Taggart (5-141 ) 


is typical. However the application of these 
factors to microscopic material is impossible since shape factor 
varies with increasing fineness and with the method of powder 
production. 

Derivation of a statistical mean from diaerinueies functions 
have been proposed by Bona (44), Gaudin(12), Rosin and Rammler (5-145), 
and Rolier (25), These involve complicated distribution functions 
which do not agree as to results wae accurate for theoretical 
powders with ideal size distributions. For actual powders a sizing 
analysis is D beeey and calculation of Dg is more reliable. 
Summary | 

In general the method of calculation of specific surface 
from a size analysis must depend upon the method of sizing. The 
accuracy of any one method may be satisfactory only for the powder to 
which it was originally applied and may be entirely inadequate for 
other powders. 

Schweyer and Work in discussing the accuracy and use of sizing 
methods recommend wet screening as the best method down to minus 4525 
mesh, and sedimentation below this size. For speed and accuracy they 
consider the Andreason pipette method (5~122 ) best and this is also the 
opinion of other investigators(1), For rapid control work, Schweyer 
and Work recommend either the Hydrometer method or the Gross Turbidi- 


metry photometric method. 
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Pieters and Hovers (7) (21) investigated all common methods 
and concluded their States Mines Pipette method was most accurate, 
claiming relative accuracy within 1 per cent., compared with micro- 
scopic and elutriation analysis of spherical glass powders. However 
the actual accuracy is in doubt since both microscopic and elutriation 
methods are subject to errors. | 

It is evident that, regardless of the method of sizing the 
particles, the only accurate calculation of specific surface which can 
be made is that on spherical particles. These lend themselves most 
readily to sizing by microscope which is the most accurate method of 
measurement. A spherical powder sized by microscope should therefore 


be an accurate standard. 


DIRECT METHODS 

Direct methods of specific surface determination differ from 
indirect methods as they measure some property directly related to 
surface without the intermediate determination of size. The inaccuracies 
of calculation of surface from diameter involving statistical average 
and shape factor are thus avoided. However the mathematical relation- 
Ship between the surface property and specific surface is not always 
any more accurate than the relationship between diameter and specific 
surface. The physical, chemical, or optical relationships are either 
deficient in fundamental theory or too complicated for normal use 
without considerable approximation. 

Therefore all direct methods depend upon empirical constants 
of limited accuracy or limited range of application. Each method has 


@ size range over which it may be considered reasonably accurate, but 
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no one method covers the whole range from colloidal to macroscopic 
material. A possible exception to this limit of range is the gas 
permeability method which has recently been extended down to particles 
with a volume surface of 4.6 x 10° square centimeters per cubic centi- 
meter, corresponding to an average particle diameter of less than 0.2 
microns (24), | 
The direct methods of surface determination are: 
1. Gas adsorption method - 
ee Chemical activity methods . 
5. Turbidimetry method - 
4. Coercimetry method - 
5. Permeability methods . 
6. Other methods. 
Gas Adsorption Method 
This direct method of surface determination is discussed in 
detail by Emmett (25), Gaudin and Bowdish(26), Dallavalle (11-269) . and 
Taggart(O-150) | 
The quantity measured is the volume of gas adsorbed on the 
surface when a known volume of gas is admitted to a highly evacuated 
sample. The apparatus consists of three parts; 
(1) A vacuum system capable of high vacuum to remove all gas from 
the sample surfaces. 
(2) A gas burette to measure the original quantity of gas admitted 
to the sample. 
(3) A manometer system to measure the pressure of the residual 


gas after adsorption. 
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From the measurements of pressures and volumes,the volume of 
gas adsorbed on the Kenton can be calculated with good accuracy. The 
surface area necessary to adsorb this quantity of gas must then be 
calculated. Here the accuracy of the method is lost. The assumption 
that the gas forms a unimolecular layer on the surface cannot be proven. 
Experimental evidence (27) shows that there is a concentration of adsorbed 
molecules at edges and corners corresponding to the free surface energy. 
Therefore although the assumption is probably not much in error for 
spherical or coarse particles, considerable error will occur with fine 
powders. 

The basis of calculation is the Van der Waal adsorption 
isotherm which is extrapolated to give a vaiue for a monomolecular 
layer within 15 per cent. The final surface value can hardly be 
considered more accurate than this, and considering the other assump- 
tions the result is probably of correct order only. 

However in spite of the approximate result the method has 
some distinct advantages over other surface determination methods. It 
can be used with the same accuracy for ali heterogenous powders. Also 
it measures alli surface exposed, including small cracks and pores iced 
by other methods. The significance of this is shown by a surface 
measurement of 501 square centimeters made on a 2 centimeter cube of 
galena by Yavasca (28), Crushing of the galena eliminated these cracks 
progressively until at 200 mesh the measured surface was only 5 times 
the microscopic calculated surface. Similar He crealet 5 were obtained 
with pyrite. Such measurements have a tremendous effect upon the 


efficiency of crushing or grinding based on surface measurement. 
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Chemical Activity Methods 

Several direct methods of surface determination are based on 
chemical activity. By the principles of reaction kinetics the rate of 
a chemical reaction in which a liquid acts upon a solid is proportional 
to the surface of solid exposed to the liquid. Therefore if at any 
instant the rate of the chemical reaction can be measured, the surface 
area exposed at that instant can be calculated. The rate of reaction 
can only be determined by change of concentration over a period of time. 
Since the surface exposed is diminishing rapidly with time the initial 
rate and initial surface can only be found by extrapolation. 

Other aspects of reaction kinetics besides surface affect the 
actual rate. The rates of diffusion to and from the surface must be 
greater than the rate of reaction. Otherwise the actual concentration 
of chemical at the solid liquid interface can only be assumed. 

The method has been used with success by Martin(2°), and 
Gross and Zimmerley (9°). to measure the surface of quartz with hydro- 
fluoric acid as the reacting chemicai. The basis of correlation between 
surface and concentration change is a factor obtained by test ona 
plane surface of quartz. Close control of initial concentration and 
technique is necessary. 

The surface of carbonates has also been determined by this 
method using dilute hydrochloric acid, but the gaseous product gives 
considerable error. 

The dissolution method gives a measure of all surface exposed 
although the diffusion of reagent into cracks and crevices must 
introduce an error. Also as in adsorption methods an error is introduced 


at corners and edges since free surface energy affects the rate of 


reaction. 
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The chemical method is limited to very few pure minerals 
and therefore is only a research tool and not adaptable to routine mill 
testing. | 
Turbidimetry Method 

In this method the quantity measured is the light obscuring 
power of the powder when suspended ina liquid. The sample in suspension 
is placed in a chamber and is agitated to ensure uniform distribution. 
A beam of parallel light is passed through. In the Wagner Turbidimeter 
or similar types of apparatus a photometer is placed behind the chamber, 
which measures the light transmittea through the turbid suspension. 

In the Tyndallometer the photometer is placed at right angles to the 
path of the beam and the amount of light dispersed by the suspension is 
measured. 

The formulae used to convert the accurate light measurements 
into surface values are dependent upon an empirical constant which must 
be evaluated by some other method. For material below 5 microns in 
diameter the formulae do not apply since the particle size is too close 
to the wave length of light. Fundamental theory is of little use since 
the optical relationships are not well enough known to permit of 
mathematical analysis. 

The method is rapid since only a few seconds are required to 
make the photometer measurement. Results can be calculated directly 
by formula without size being determined. Reproducibility on agviven 
Sample is excellent. Therefore the method is used extensively for 
routine determination of cement fineness and is designated as an 
ASTM. Standara (1), Standard Turbidimeter cement samples are 


obtainable from the U.S. Bureau of Standards. 
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Details of apparatus, technique and calculations, are given 
in the A.S.T.M. Standard as well as by Taggart (5-126), Dallavalle (11-272) | 
and Pieters and Hovers(21). a thorough treatment of the theory is 
given by Rose and Ll oya (32) (35), 

However due to the uncertain relationship between translucence 
of material and light interference turbidimetry measurements of surface 
can be considered as relative only. This is shown by the tabulated 
comparisons between turbidimeter results and surface values by other 
methods ne by Roller and Roundy (45), Pieters and Hovers(@1), and 
Lea and Nurse (54), | 
Coercimetry Method 

The coercimeter is an instrument used to measure the coercive 
force, that is, the force of retention of magnetism, of a sample of 
material. It has been shown by Gottschalk(%5) that a linear relation- 
ship exists between the coercive force and the specific surface of 
magnetite. Since the coercive force can be quickly measured, the 

surface 
method can be used to determine the specific/of magnetite and presumably 
any other magnetic material. 

The apparatus required is: (1) a strong magnetising device, 
and (2) a coercimeter apparatus. Apparatus is described in detail 


(36-21) 


by Gottschalk » and details of operation by Wartman(5§-35 ) , The 


underlying theory is discussed thoroughly by R.S. Dean(56-3 ) , 
Coercimetry for surface determination is applicable only to 
magnetic materials, in particular magnetite, since its use on other 


magnetic materials is undeveloped. It requires intricate and accurate 


electro-magnetic apparatus. 


bets lids eat yd swede 2k eb eri 
-*, aefto yd vou lav oontibe bath edtueets * femibedtyd ¢ 
7 “us AiSdeqaeon bts ated ost. bhai ‘fhe te wthlow 


‘ 


. ‘ 


qvidianwo ‘edd “eaidsem od deat duemittan? me af 1 
“elgmas ernie to sotteetet to 


io sorte ida end pre eas gas steht : { ? 


bh .beweerean ytiodsp og LBD at oir itt oonte 


beh » 


Yidemweotg bap sticdnsem 
ooiven sifetdongiain meets a (ft) sei renee 
finter az pede yonss et ac famearcatade ay 
ont Nts 88) ace tan ve ozdareqo to aed bie ‘ 
op le BB het 253 wd X 
| of ¥ige qld Alege) aL sek | 


€ 


rane a0 eax! eve eolideng 


wey) ms 

The accuracy of the determination appears to be very sensitive 
to the method and extent of packing of the powder,particularly with 
fine sizes (55-38 ) | ve 
Permeability Method 

The permeability method is based on the assumption of a definite 
physical relationship between the specific surface of the powder and the 
permeability of the powder to fluid flow. That this is approximately 
true has been shown by many research workers, but the exact mathematical 
relationship is as yet not fully determined. The relationship is 
influenced by several other factors; porosity, uniformity of packing, 
Shape of particles, and nature of fluid flow. Empirical solution of 
the effect of these factors has reduced the errors possible, so that 
the method is at least as accurate as any other surface determination 
method. However, in spite of the inaccuracy of absolute surface values, 
the method gives very good reproducibility. This has been shown by 
many investigators to be about 2 per cent. 

The method has several other advantages over other direct 
methods: 

(1) Adaptability to any homogeneous or heterogenous powder, 
of any degree of piacueeas 

(2) Simplicity of apparatus. 

(3) Simplicity of operation. 

(4) Extreme rapidity. 

(5) Simplicity of calculations. 
Therefore the method-is adaptable to routine testing and is finding 


an increasing number of uses in the cement, coal, pigment, fibre and 


food industries. 
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The apparatus can be adapted to use any fluid, liquid or gaseous, 
depending on the nature of the powder and the conditions of the test. 
Air appears to be the most convenient for normal powders. 

A limitation of the fluid permeability method is the quantity 
of sample required. At least one gram would seem to be the minimum for 
accuracy in the present types of apparatus. Also the method peaeue 
external surface only, and takes no account of cracks and pores. 

Since this method forms the basis of the experimental work 
in this thesis, detailed description of apparatus and discussion of 
theory will be given in a separate section dealing with the development 
of the Air Permeability Method. From the detailed discussion in this 
Separate section, the validity of the above claims of superiority can 

be assessed. 
Other Methods of Direct Determination of Surface 

Other methods of surface determination have been developed 
which are only applicable to specific powders. 

An example is the determination of specific surface of carbon 
black by making a smear on a glass slide and comparing the intensity 
of color with known standards (57), 

Summary 

Direct methods of surface determination are at least as 
accurate as Wasvede methods, with the advantage of superior speed 
and reproducibility. An appropriate direct method can be chosen to fit 
any powder of any fineness, to measure either external or total surface 
as required. The surface can be measured in any condition, wet or dry, 
by some direct method. Direct methods are particularly adaptable to 
routine testing where relative values of good reproducibility are 


required quickly. 
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No direct method can be said to give an absolute value for 


specific surface due to the physical assumptions necessary, but 


experimental evidence shows that direct methods are sufficiently 
accurate for any practical use in control of industrial products. ‘With 
the current extension of fundamental research, some of the methods may 
be modified to give very accurate results. 

Dr. Heywood (58 ) states that the three most promising methods 
for determining the fineness of a powdered material @re the adsorption 
method, the permeability method ana the turbidimeter method. 

Without some dependable method of determining the state of 
subdivision of powdered material, many modern industries dependent 
upon powdered ern are seriously hampered. Direct measurement of 

' specific surface appears to be the eat practical solution to fhe 


problem. 


SUMMARY 

From the consideration of the literature dealing with the 
various methods of specific surface determination, and particularly 
the air permeability method, the following conclusions may be drawn: 

(1) Direct methods are) geaferaslec to indirect methods since the 
effects of particle size and particle shape are minimized. 

(2) Of the direct methods, the air permeability method has the 
greatest range of applicability, coupled with ease of operation, rapidity, 
and simplicity of apparatus. 

(3) The air permeability method is Readelarly adaptable to 
routine testing due to its good reproducibility. 


(4) Calculation of results by formula is not as accurate as the 


reproducibility of the apparatus. Therefore the method is best used 
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empirically with a suitable standard as reference. 
(5) Spherical powders which can be accurately sized by micro- 
scope provide the only accurate standard. 

Therefore the air permeability apparatus calibrated with a 
spherical powder provides the ideal apparatus for determining the 
specific surface of any powder, the accuracy being limited only by the 
reproducibility of the apparatus. 

In evaluating milling efficiency further information is 
frequently required. Not only must the total surface be known but the 
distribution of that surface between the various size grades and 
component minerals is important. This involves preliminary fraction- 
ation of the material en can be done most accurately by elutriation. 
Rising current elutriation, either by water or air, is the simplest 
type of elutriation. 

For a heterodisperse powder, elutriation witt yields the 
required range of fractions. A specific surface determination on each 
fraction writ givesthe distribution of surface for the powder. 

For a heterogeneous powder the same information is obtained. 
However if the powder is essentially composed of a few minerals which 
can be quantitatively determined by a chemical analysis, the distribution 
of surface among the minerals, as well as the relative size of the 
minerals in each epletion, can be obtained by elutriation and surface 
determination. A preliminary calibration must be made by elutriation 
and specific surface determination on each of the pure minerals. Then 
this data can be applied to the results of a test on any mill product 


containing the minerals. 
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Three important applications of the calibrated air 
‘permeability apparatus are therefore possible; 
(1) Determination of the specific surface of any mill product 
directly and rapidly. 
(2) Determination of the distribution of specific ee in any 
homogeneous mill product by correlation with standardized elutriation. 
(3) Determination of the distribution of specific surface amongst 
the component minerals by correlation with standardized elutriation 
and chemical analysis. 
In order to confirm the practicability of these determinations, 


the experimental work, to be described, was undertaken. 
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THE AIR PERMEABILITY METHOD 
Of the direct methods of specific surface determination the 


method most readily adapted to the normal range of finely ground 


materials is the Air Permeability Method. The reasons for this are 
given in the preceding section and will now be explained in detail. 
The basis of the method is the physical relation between 
fluid flow through a porous bed and the specific surface of the material 
in the bed. 
In general the method is as follows: 
(1) The powder to be measured is compacted into a bed of uniform known 
porosity in a small cell. 
(2) Air is passed through the cell under a known pressure head. 
(3) The rate of flow of the air is measured. 
(4) The specific surface is evaluated either by calculation from 
formulae, or by calibration curves. 
A description of the apparatus used and its development from 
the original liquid permeability apparatus will be followed by | 


discussion of the theoretical considerations. 


APPARATUS 

The air permeability method was developed from the original 
liquid permeability method. The use of liquid, although giving good 
results, was restricted by physical factors. Therefore gaseous fluids 
were substituted. 

The main consideration in favor of the liquid method is 
the simplicity of apparatus. The principle problem in the eee of 
air permeability apparatus is to produce equally simple, yet accurate, 


flow measurement apparatus. 
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Liquid Permeability Apparatus 

The original apparatus for determining specific surface by 
fluid permeability was the liquid permeability apparatus developed by 
Carman(?9) (40), Since it is still used as a reference method and is 
the basis of all subsequent air permeability methods, a description 
of Carman'ts apparatus and method will form a foundation for discussion 
of the newer methods. 

The bed of powder is supported in a glass tube on a doce or 
monel metal filter cloth. As the filter cloth will not support fine 
material, a thin supporting layer of coarse material is built up on 
the cloth by depositing a layer of 150 micron sand, topped by a layer 
of Kieselguhr. The total thickness of this supporting bed is about 3 
millimeters, and its resistance to flow must be determined, and added 
to the result of permeability measurements. | 

The sample is pulped with the liquid to be used and is 
deposited by suction on the prepared layer in the cell. The depth 
of the bed is then measured. 

The cell is then placed on the apparatus and the measurement 
of permeability is made. The liquid is fed into the top of the cell by 
a delivery tube from a measuring cylinder, so that the free surface of 
the liquid in the cell is maintained at a constant level. The liquid 
is drawn through the bed into a suction flask, the required suction being 
maintained by a vacuum pump and pressure regulator, and measured by a 
manometer. Additional driving force is obtained from the head of liquid 
between the level in the cell and the discharge into the flask,so this 
must be measured. The total driving pressure is calculated. The 


suction flask is graduated so that the rate of flow of fluid through the 
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bed is measured for a run of one hour. 
Calculation of specific surface is made using the formula: 


See a ie Be 
ee 
where K, is the permeability factor and equals 


QoUiL : 
(Py- Po) A 


Q = rate of flow (ml. per second). 
U = viscosity of the fluid (poises). 
L = depth of the powder bed (cm.). 
A = area of powder bed (cm.*). 
sil Fo" total driving pressure less the correction for 
the supporting bed (gm. per em.* of packing). 


E = fractional porosity =1-_W 
d, AL 


W = wt. of powder (gm.).. 

d|= density of powder (gms. per om.?). 
Derivation of this formula will be covered in the section on theoretical 
considerations. : 

Carman's method is very simple and requires only one special 
piece of apparatus - the permeability cell. A vacuum system capable 
of maintaining a uniform, constant vacuum for an hour is required. 

The method has several disadvantages however: 

(1) The preparation of the bed results in non-uniformity of the 
bed, since lamination is produced with unsized material. 

(2) The liquid must be carefully selected to avoid flocculation 
and reaction between the material and the liquid. 

(3) With fine powders adsorption of an immovable layer of liquid 


on the solid surface effectively alters the porosity. 
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(4) With fine powders flow is so aude that excessive time must be 
used or inaccuracy of volume measurements results. 
However the method is rapid for coarse powders. As used by 
Carman it gave very good results. The air permeability method, developed 


by Lea and Nurse and subsequent investigators, is much superior. 


Air Permeability Apparatus 
The air permeability apparatus originated from experiments on 
the use of air as the fluid in Carman's apparatus and is based on the 
same theory. 
Air Permeability apparatus can be classified into three types, 
depending on the method of measurement of flow rate; 
1. Volume-flow apparatus. 
2. Instantaneous-rate-of-flow apparatus, of the differential 
manometer type. 
3. U-tube manometer types eee on either volume-flow or 
instantaneous-rate measurement. 

Volume-Flow Apparatus: The original apparatus used by Lea and 
Wurse (94) is fundamentally the same as Carman's with an improved design 
of the permeability cell and the addition of apparatus for measuring 
air flow. 

The cell-is made of two short, flanged metal cylinders which 
hold a perforated brass plate when bolted together as in Figure l. 
The sample is compressed dry into the upper half by use of a metal 
plunger with an adjustable shoulder to gauge the depth of bed. 

The air flow apparatus consists of a large jar from which 


water is drained at a constant rate, drawing air through the cell which 
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is connected to the top of the pars! Manometers indicate the differential 
pressure across the bed. Normal flow rate is 1 to 4 litres of air per 
hour through a bed of 1 inch diameter and approximately 2 esube ial 
depth. Calculations are the Same as for the Liquid permeability method. 

The apparatus with some modifications was used with good 
results by J. Oberholtzer to determine the specific surface of powdered 
coais. (41) 

However the apparatus is cumbersome and time for a test is 
excessive, particularly with fine samples. Therefore, recent invest-_ 
igators have modified the Lea and Nurse method to make the present 
apparatus more compact and to shorten the testing time. 

Differential Manometer Apparatus: The typical apparatus of the 
differential manometer type is that of Gooden and Smith (42 ) (5-155), A 
commercial model is De etaeared and sold for cement testing in 
America (45), 

In this type, air is either drawn or forced through a cell 
containing the compacted sample by a constant pressure or constant 
vacuum system. A pressure regulator of some type controls the pecseure 
on one side of the bed. The air eroxine through this system passes 
through a constriction See es is connected a differential 
manometer. The manometer indicates the rate of flow through the 
constriction. By this method only the time for the rate of flow to 
become constant is required. This is normally only a few minutes. 
Gooden uses a special method to compress the powder into the cell 
which gives uniform porosity with little time (44), Calculations are 


simplified and set up in a special alignment chart. 
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The apparatus, with the exception of the constant pressure 

equipment, is simple and can be set up in a small, portable unit. Good 
“reproducibility is obtained, and with composite samples good checks are 
obtained (42), 

The apparatus has the disadvantage of requiring auxiliary 
pressure or vacuum equipment. Satisfactory equipment is not always 
obtainable, which places a limitation upon the method. 

U-tube Manometer Apparatus: Air Permeability apparatus of manometer 
type operating on the mechanical principle of the Ostwald viscometer, 
was developed simultaneously by J.P. Rigden in Bnelana (45), and by RL. 
Blaine in the U.S.A. (46), The two methods are very similar but the 
differences, although slight, are sufficient to affect the application 
of the methods. 

The Rigden Apparatus, shown in Figure 1, has been used by 
Rigden(45) on material ranging from silica powders with specific 
surface of 1000, to fine cements and powders with specific surface of 
10,000. 

The apparatus consists of two large-bore vertical tubes, 
joined at the bottom to form a U-tube. The tubes are connected at the 
top through the permeability cell containing Be pease This connection 
can be closed by a stop cock. The U-tube is filled to-the half-way mark 
with a liquid of low viscosity and Tae vapour pressure. The two side 
arms, one at the top of oben large tube, are fitted with stop cocks. 

In the original apparatus as are placed on the left tube, one, A; 
is 3 centimeters above the equilibrium level, and the other, B, is 10 
centimeters above the equilibrium level. 

In operation, the sample is placea in the cell which is the 


Lea and Nurse type, and is compacted in increments to a uniform known 
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FIG. 1 - RIGDEN AIR PERMEABILITY APPARATUS 
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porosity, each increment being compacted by tapping with the plunger, 
and weighed to ensure uniformity. The cell is then connected into one 
cross tube. The cross connection is closed by the stop cock. With the 
right side-arm connection open, suction is applied to the left side | 
connection to draw the liquid up to a level in the left tube about 1. 
centimeter above the mark B. Side connections are then closed. 

The cross connection is then opened and the liquid, falling 
to equilibrium in the U-tube, draws air through the sample cell. The 
time required for the level in the left tube to fall from B to A is 
taken by stop watch. 

The specific surface is given by the equation, 

Si= te, 
where K is calculated from the dimensions of the tube, viscosity and 
density of the liquid, viscosity of air, and porosity of the sample 
bed. The derivation of the formula and calculations will be discussed 
in the section on theory. 

It is evident that the apparatus is completely self contained 
and entirely independent of auxiliary equipment. This is its main 
advantage over other types. Also only a single measurement of time 
is required to obtain the specific surface of a powder, providing that 
the porosity and bed depth can be standardized. The measurement is 
independent of barometric pressure. Corrections for temperature are 
compensating, drop in viscosity of -eirend liquid with higher temperature 
being compensated for by expansion of the liquid in the U-tube and 
corresponding lowering of the driving head. 

The apparatus can be adapted to any range of powders by 


modifications which will give a measureable time interval which ensures 
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viscous flow of air through the sample. Slight variations can be 
allowed for by altering the depth of the bed in the cell. Greater 
changes in range may require a change in the diameter of the sample 
cell or a change in the diameter of the U-tube limbs. 

Assuming the validity of the theory ana the formula, this 
apparatus gives the most convenient and rapid method of obtaining 
specific surface of a powder baal te particularly valuable for routine 
testing. 

The apparatus used by arne11(8) is a modification of the 
Rigden type. With very low permeability, Rigden's simple equation 
is not correct since the rate of change of pressure through the bed 
is not a linear pee Aa An equation can be derived which will allow 
for this, but calculation of results becomes very cumbersome. Arnell 
has found that measurement of the differential pressure across the bed 
provides ante from which the rate of flow can be edteuieted without 
any further measurements. 

By use of a reference manometer and a measuring manometer 
connected to the Rigden apparatus, the pressure across the bed can be 
measured at any time during the fall of the liquid. From readings at 
two positions above the equilibrium level,the rate of flow and the 
Specific surface ean be calculated. Arnell has used this apparatus 
for measuring specific surfaces as high as 4.6 x 10° corresponding to 
_ theoretical particle diameters of 0.2 microns. 

The Blaine Apparatus (46) (47) is a simple U-tube of large bore. 
To the upper end of one limb are attached a side arm and the permeability 
cell. The cell is made from a section of glass tubing, and the powder 


bed is supported on a perforated disc ground to fit on a ledge inside 
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the cell. The U-tube is half filled with a liquid of low viscosity and 
low vapour pressure. Timing marks are placed on the tube as for the 
Rigden Apparatus. 

To make a surface determination the powder is compacted in one 
operation in the cell by means of a bakelite plunger with a shoulder 
which gives a fixed bed depth. The weight of powder to give the desired 
porosity at this depth is predetermined for the material being tested. 
After compaction of the powder the cell is placed on the U-tube and time 
for flow, t, measured as for the Rigden apparatus. Calculations are by 
the formula: 

S = Kft 
where K is a constant for the apparatus. 

The method is rapid since the apparatus is designed so that 
t is from 2 to 5 seconds. Calculations are simple. No special technique 
or training is required. The apparatus is entirely self contained, 
easily constructed, and portable. 

The Blaine method was checked by 18 cement testing laboratories 
under the direction of the A.S.T.if. In the report (43) (48) very good 
agreement between the different laboratories is shown, iat neuen the 
calculation formula used is shown to require some modification. There=- 
fore the method is proposed as an A.SeT.M. Standard for Testing Cement \*"). 

The disadvantage of the Blaine apparatus is its restricted 
baie due to small air volume. This limits the range of the apparatus 
to powders of specific surface above 1000. This range, however, includes 
all cements, pigments, and most soils (54), 

Summary | . 
The development of the method from early measurements of 


permeability to the present testing method is typical of the evolution of 
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a new scientific technique. At present although patented apparatus 
of reasonable accuracy can be purchased, fundamental mesedmen into the 
various physical factors involved is being carried out by several 
investigators and new and more accurate apparatus is being developed. 

However, the development of apparatus has proceeded at a 
faster rate than the development of the theory, so that the apparatus is 
now far more accurate than the equations which are used to convert the 
experimental data to a specific surface value. 

In the following section, the basic theory will be discussed, 


and the equations at present in use will be derived. 


THEORY OF AIR PERMEABILITY © 

As stated above, several factors enter into the calculation 
of specific surface from the air permeability data. Of these the most 
important are; porosity of bed, shape of particles, orientation of 
particles, and type of flow. 

The equation for fluid flow through a porous bed has been the 
subject of much research and much controversy for many years. Recently 
this subject has received increasing attention due to the development 
of the she permeability method for subAace determination. 

Basic Flow Equation for Air Permeability 

Basic formulae for fluid flow through porous beds are similar 
but differ as to derivation and assumptions. Dallavalle (11-X) gives 
several formulae and discusses their applications. 

The formula most used in the fluid permeability method for 
surface determination 15 ween as the Kozeny formula. It is based upon 


Darcy's Law which gives the relationship between rate of flow and pressure 
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drop through a porous bed as; 


Qr=-P, A tl ake Hqn. a) 
L 


where p, - pg = pressure drop 


L = length of packing 
A = cross section area of packing 
Po= permeability constant depending on the 
fluid, temperature and packing. 
_If the viscosity of the fluid is U, Darcy's equation 
becomes: 
Gia B- A= pi = pe 
U L 
where P is the permeability of the packing, in darcies. This equation 


assumes change in pressure along the packing to be constant. The more 


general form where charge in pressure is variable is: 


Q=P.a. ap Eqn. (2) 


U dx 
From experimental evidence Poiseuille derived the Poiseuille 


equation for flow in pipes: 


Oo) Si DamD2 we rea Eqn. (3) 
L 84 U 


This follows Darcy's Law if P= ie for pipes. 
; Si 


Poiseuille's equation can be generalized for tubes or 
Capillaries of any cross section if the radius of the cylindrical pipe, 
'r' is replaced by a general linear dimension characteristic of the 
cross section of the pipe. If the linear dimension chosen is the 
mean hydraulic radius 'm! and a flow constant 'ke' LOR the shape of 


cross section is known, the equation for flow through a straight 
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channel of any shape is: 


Osis 2a) pa = pe Eqn. (4) 
ao iz 


For circular pipes of uniform cross section 


m = volume of tube = area of tube section = Pe ey Sean 
surface of tube circumference Sm we 


Substituting in the Poiseuille equation for circular pipes, 


as re A “Pl p2 = (2m)® A ° Pius p2 7 me A (e1 i p2) G. 
8u L SU" L 2uL 


Therefore for circular pipes ky = 2. For triangular cross sections ko 
equals 1.67, and for rectangular cross sections,of breadth ten times 
the Meene equals 2.65. 

Equation 4 has been found to hold for eay straight channels of 
any cross section. The constant 'ko' must be calculated or determined 
experimentally for each case. 

For the basic mathematical treatment of flow through porous 
beds, Darcy's Law is also assumed. The Poiseuville equation for straight 
tubes is adapted to the tortuous channels in a porous bed. The mean 
hydraulic radius for the channels through the bed is derived as follows: 


By definition m = volume of conduits Therefore 
surface of the conduit 


for pprous beds m = volume of void space 
surface of the particles 


= 5B x volume of bed 


S d) (1 - &) x volume of bed 
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where S = specific surface 
E = fractional voids = porosity 
dj= density of material. 


fT 
The toal area of the channels becomes ARB where 
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A = area of the bed. 
Due to the tortuosity of the pores the length of the channels must be 
increased by a factor so that the mean length of the channels becomes 
L, where y is the length factor. 


y 


Substituting these values in equation (4) 
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This is the basic equation for flow of fluids through a porous bed. 
Since it involves the specific surface it is also the basic equation 
for the fluid permeability method of surface determination. 


The Kozeny equation as normally used is 


Qrinic tau a pulps, BP 
eae ee Gane 


where k = Ke 
ef 


Kozeny found k = 5 for porous beds, and this value was checked by 
Carman(40), 

Due to the assumptions involved in the derivation of the 
basic equation,it is not surprising that investigators have found that 
it is not strictly accurate. Evidence has been obtained to prove that 
the channel shape factor ts of Carman and Kozeny is not constant for 
different types of packing. The validity of the porosity function is 
questionable over any large range of porosity. In the original 
derivation it is assumed that dp is constant for the length of the bed. 
Actually this is only dopa Ga true for limited ranges of pressure 


difference (°°), Also it has recently been proven that in addition to 


mass flow of gas,molecular diffusion or slip takes place, so that the 
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. finer beds require a correction to the basic equation. Therefore the 
calculated results, using the Carman-Kozeny equation are appreciably 
in error. 

The factors which tend to modify the basic equation will be 
discussed in detail in the following sections. 
Effect of Channel Shape 

The channel shape factor 'k' is introduced to correct for 
the effect of channel cross-section on the flow, and to account for 
the increased mean length of the channels due to the tortuous path 
which the fluid must follow in passing through a bed of particles. It 


is therefore considered as equal to k, where ko is a factor affected 


4 


by channel cross-section and y is a factor affected by channel 
tortuosity (51), Both factors are influenced by the shape of the 
particles, the orientation of the varcuenieen and the porosity. 

As stated above k, varies for straight channels of regular 
geometric cross-section. For straight cine hue br ote @ porous bed 
made up of cylindrical rods,the value of k, was found experimentally 
by Emmersleben(51), Using equation 5 he found kop equal to 3 wich 
porosities below 0.84. 

The effective shape of a coset. formed between a number of 
particles is difficult to determine and varies with the nature of the 
packing. This characteristic of packing is discussed by Dallavalle (11-Vi), 
In experiments on particles of circular cross-section, Sullivan and 
Hertel found k = 3.07 for beds of glass fibres oriented parallel to 
the flow, k = 4.50 for beds of spheres when BE = 0.59, and k = 6.04 


for beds of fibres at right angles to the flow. From theoretical 
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considerations y = 1, 0.66, andl G.o Por these cases so that ky = 3 for 
all cases. Also for random oriented irregular particles Sullivan and 
Hertel found k =4.50, eal uae a theoretical value of y = 0.66 » 
ko 2 5. Theref ore for spherical, cylindrical, and random oriented 
irregular particles, ko appears to have a value of 5. 

However Carman found that k = 5 over a range of particle 
shapes including glass spheres, and ground silica; Muskat and Bottsett(9!) 
found k = 4.65 for glass spheres; and Fowler and Hertel found k = 5.5 
for beds of fibres. Also Muskat and Botsett found that in a piece of 
sandstone flow perpendicular to the bedding was only 70 per cent. of 
flow parallel to the bedding. Sullivan and Herte1(5!) postulate that 
these variations are due to variations in y, since as shown above, y 
varies cpa Eceee Gliy pea the orientation of the particles. Since 
Carman's beds were prepared by sedimentation there would be a tendency 
for preferred orientation of particles perpendicular to the axis of the 
bed. This would give a lower value for 'y' than in the dry packed beds 
of Bottset, and Sullivan and Hertel. Assuming the constant value of 
3 for kj, the value of k = k, would be greater for Carman's beds. This 

: | 

would also explain the anomalous flow in the sandstone. 

Carman(52) in discussing the slip correction for fine powders 
shows that the normal value for ko appears to be 2.5, when molecular 
diffusion through packings is considered. Tt is not clear whether 
this value also applies to mass flow or is limited to slip flow. 

It is generally agreed that until more fundamental research 
has been done into the effect of particle shape, packing and orientation, 
the experimental work of ee warrants the use of Carman's value of 


o for k for flow through the normal irregular shaped powders, where a 
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certain amount of preferred orientation perpendicular to the axis of 
the bed is produced in packing the bed. In special cases of spheres at 
low porosities, packings of fibres, or other particles of abnormal 
shape or known orientation, the specific values of k for thoes packings 
should be determined and used. 

Effect of Porosity 

The subject: of porosity of powders and its effect on flow 
of fluid through porous packings is discussed at length by Dallavalie 
(11-VI)(11-X). The packing of spheres is treated in detail and the 
various corrections proposed for non-spherical powders are given. It 
is evident that there is no definite arrangement of particles, and 
formulae for porosity are only empirical. Very little is known of the 
nature of the void spaces. With very fine powders there is evidence 
of repulsion of particles within the packing and of cushioning of 
particles by adsorbed layers of ges (45), These effects introduce the 
consideration of "effective" porosity, which may have no relation to 
actual porosity when fluid flow is considered. 

The porosity of a packed bed of powder is allied with the 
shape, packing and orientation of the particles. Its effect on fluid 
flow is therefore a very complex problem and the nature of the function 
relating porosity to flow rate has been the subject of much investigation. 

The effect of shape of particles on porosity is indicated by 
the experiments on spheres and cylindrical fibres conducted by Sullivan 
and Hertel and Fowler and Hertel (52), They found that the normal 
porosity for beds of glass and textile fibres, without deforming the 
fibres, was about 0.80. On the other hand for beds of spheres the 


normal porosity is about 0.40 with the theoretical closest packing for 
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even sized spheres giving a porosity of 0.26 (11-105), The theoretical 
most open packing for spheres is 0.476. Gratton and Fraser prepared 
a table(1l-121) showing the influence of particle shape on porosity of 
a number of materials. Dallavaile (11-V) gives a thorough discussion of 
the relation between particle shape and packing and void space. 

The effect of porosity on pore diameter is also discussed 
by Dallavalie(11-¥), traxler and Baum (11-119) obtained an emperical 
equation relating pore diameter and porosity: 

In Do = b+ 0,019E » 
where D, * mean diameter of pore 
BE #* porosity 
b * a constant which must be determined for 
each material. 

The effects of increase in porosity on fluid flow are due 
to: (1) increase in the effective free area or total channel area in 
any plane perpendicular to the axis of the packing, and (2) decrease 
in the length of the path fellowed by the fluid in passing through 
the packing. 

The effective free area,'a', for spheres,ranges from 9.3 
to 21.5 per cent.(11-109) depending on the mode of packing. Traxler 
and Baum give the relation between a and E bet 

Ina =Rt+c. 
Substituting values for a and E, measured by Hodgins, Flood and Dacey (50) 
a sintered glass plug, K = 1.41, and c # ~].40, so that 

Ina = 1.41 BE ~ 1.40. 
This equation, solved fob Geet and most open packings for spheres, 


gives values of 0.093 and 0.180, in good agreement with the values of 
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9.5 and 21.5 per cent. obtained experimentally by Dallavalle. 
Arnel1(8) shows that the effective free area factor 'a' should 
be used as the correction for the total bed area in deriving the basic 
flow equation, rather than the porosity 'E'. This gives the effective 


total channel area of bed as 'aA'. The basic equation then becomes: 


Q= A Si) 2 eed a A EZ a ‘ 
s° de ci) 8 L Qe) 2)- 


This amended equation shows therefore that the rate of flow 


should vary as ( E 2 and also as‘ ya where y and a are both dependent 
(1 - E) 


upon the porosity and mode of packing. It appears certain that the 


rate of flow will not vary directly as Kozeny's E® 2? except in 
(I -£) 


cases where for narrow ranges of 'E', both 'at and 'y' wary directly 
as 'E'. 

That the porosity function is even more indefinite than 
indicated above is shown by the variety of functions which have been 
accepted and can be proven from theoretical assumptions. In addition 
to the two functions given es Buckingham proved that 'Q' varied 
as B/0, Slichter proved 'Q* should vary as B5-5, and Mavis and Wilsey 
proved 'Q' varied ac 26-0 (11-207), 

It seems therefore that the relationship betweenrate of 
flow and porosity does not submit to exact mathematical treatment. 
Although the Kozeny and Arnell equations give close approximations to 
experimental results they are not sufficiently accurate for extra- 
polation over ranges of porosity and particle shape. An emperical 


relationship is therefore more useful. 
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Emperical equations based upon actual experimental evidence 


(11-208) | and by Hubatel? Furone! 


have been evolved by Chilton and Colburn 
equation is considered the best available for treatment of gas flow 
through broken materials at high temperatures. These equations are 
applicable only when the constants required for their solution have been 
predetermined for the particular application. 
Effect of Slip Flow 

The above derived equations give approximate values at normal 
porosities and for powders of specific surfaces up to 2000. However it 
was noticed by several investigators(55) that there was a serious dia- 
agreement between values of specific surface by liquid permeability 
and values obtained on the same powders by air permeability. This 
was particularly evident on cements with specific surface above 2000. 
Originally the disagreement was blamed on an immobile layer forming at 
the solid = liquid interface and reducing the effective porosity. 
Recently fundamental research has proven that the higher rate of air 
flow in the fine capillaries of fine powders is due to molecular slip. 

The physical nature of slip, and the application of slip 
flow equations is treated by Rigden(55)(56) | Hodgins, Flood and Dacey (50), 
Nissan(57), Arne11(8), and Carman(52), two different approaches to the 
subject are given, one thermodynamic, and the other physical. The 
results are pauetiene which give air permeability specific surfaces 
in good agreement with the liquid permeability values. 

arne11(8) gives a mathematical treatment based on Knudsen's 
equation for molecular flow of a gas when the mean free path of the 


molecules is large compared to the capillary diameter. His final 
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where the first term is the basic Kozeny equation for the Ridgen 
apparatus, end the second term is derived from Knudsen's equation. 
In this equation M * molecular weight of the gas 
T = absolute temperature 
R # gas constant 
Ap # pressure difference across the bed 
P * mean pressure across the bed 
a = effective void area 
Sy ™ surface of 1 em? of packing 
& = a factor = 0.9 approximately. 
This equation was tested by Arnell on specially designed apparatus 
over wide ranges of pressure, porosity and specific surface and found 
to hold. It was used with a special Rigden type apparatus for 
measurement of specific surface of very fine pigments and powders of 
specific surface up to 4.6 x 108, 

Carman (52 ) Bives the derivation of a flow formula based on 
Millikan's equation for slip velocity at a capillary wall. This 
equation takes the form of a correction to the basic Kozeny equation 
where the actual flow velocity, ug, equals the velocity of flow, u, 
from the Kozeny equation plus the velocity of slip from Millican's 


equation. That is, 


u. = u (C) 


7) 


where C is a correction factor and equals; 


1+S da, (1-8) zA 
E 


~ 58 fe 
Xr = mean free path of molecules 
d, = density of the solid material 


S = specific surface 


2 eee C = 1) 7 2.75 to 4.07 (average 3.3) 


eaeee ky = 2.5 to 5 
and f = 0.84 to 0.89 
= fraction of molecules striking and reflected from 
the capillary walls. 
Lea and Nurse are reported to have used this equation for fine powders (52) 
but their results are not yet published. 


Rigden(56) derives the equation 


Yoo Sp ee 


2 
At + [hb {cbns] 
where k ™ Kozeny's constant = 5 (approx. ) 
f = 0.874 for air, and where other symbols are as for Carman! 
equation. ‘this gives a correction slightly lower than the Arnell or 
Carman equations. 

It is evident that even if these modified equations give 
approximately correct results, they are very cumbersome to use for 
surface determination since the correction term involves the specific 
surface. fherefore empirical relationships would seem to be preferable. 

The beers owed equation used by Carman,and Lea and Nurse, 
is used in this investigation in comparing the empirical calibration 
curves with theoretical values. The equation must be put into a 


workable form suiting the apparatus used and the data obtained. 
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ACCURACY OF THE AIR PERMBABILITY METHOD 

The theoreticai treatment of the air permeability method 
yields equations of doubtful accuracy unless the use of the equations 
is confined to ranges of materials and porosities for which the constants 
have been evaluated with reasonable accuracy. Used empirically for 
ranges where the equations are proven the method is reproducible within 
5 per cent. 
Reproducibility 

This reproducibility has been demonstrated by many investigators. 
Rigden(56) gives an analysis of systematic and random errors for the 
U-tube apparatus and derives a possible maximum error of 3.9 per cent. 
The standard deviation of his actual experimental values varied from 
0.5 to 2.7 per cent. for different powders. The A.S.T-M. report on 
tests made on the Blaine apparatus (48 ) states that the average variation 
was only 1.1 per cent. for eight operators making five determinations 
on each of four cements ranging in specific surface from 2490 to 5150. 
Lea and Nurse (34) obtained reproducibility within 2 per cent. on 
cements and silica sands. Gooden and Smith(42) were able to check on 
the specific surface of mixtures within 5 per cent. Carman obtained 
reproducible results within 5 per cent. for powders down to 2.0 microns 
in diameter. 
Absolute accuracy 

The absolute values of specific surface as determined using 
the Kozeny caustics are not to be considered accurate within 5 per cent. 
even on spherical samples (52), Arnell using his modified equation 


claims accuracy within 10 per cent. for very fine powders in checking 
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against electron microscope results. 
Comparison with Other Methods 

Claims of agreement with other methods are made. Lea and Nurse 
found very poor agreement with other methods(94). of these the 
turbidimeter method is known to give low values, the gas adsorption 
method gives high values, and the microscopic method is dependent for 
accuracy upon an assumed shape factor. Therefore agreement or lack of 
agreement with results of other methods is not in itself indicative 
of accuracy. 

However the relation between air permeability results and 
the results of any other method appears to be constant. Lea and Nurse 
found a constant factor relating air permeability and turbidimeter 
results(54), A similar relationship was found by Blaine (46), 

Summary 

therefore as an analytical instrument for accurate 
determination of absolute values, the method may or may not be more 
accurate than other methods. However, as a tool for process control 
where reproducible relative values are required, the air permeability 


method is superior. 
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EXPERIMENTAL INVESTIGATIONS 
Preliminary studies of the air permeability method indicated 
that it could be satisfactorily applied to specific surface determinations 
on any ground product if calibrated accurately. Accordingly investigations 
were carried out for the purpose of arriving at a suitable design for an 
air permeability apparatus and a suitable method for its calibration. 
Throughout the work the main object was to develop apparatus which could 
be used to obtain reasonably accurate measurements under industrial 


testing conditions. 


CALIBRATION OF THE AIR PERMEABILITY APPARATUS 

The calibrated air permeability apparatus was obtained by 
the following procedure: 

1. Preparation of surface standards 

2. Design of the Air Permeability Apparatus 

5. Preparation of Calibration Curves. 

Tests on the completed, calibrated air permeability apparatus 


indicated that its accuracy was well within the limits desired. 


PREPARATION OF SURFACE STANDARDS 
A suitable surface standard for calibration of an air 
permeability apparatus is a powder composed of glass spheres whose 
specific surface can be determined accurately by microscopic methods. 
The preparation of a series of standard spherical powders 
covering the range of specific surface values desired involved three 
stages: 


1. Preparation of microscopic glass spheres. 


= Gan = 
2. Sizing of the spheres by elutriation. 
3. Microscopic evaluation of the specific surface of the sized 
fractions. 
Preparation of Microscopic Glass Spheres 

Microscopic glass spheres have been prepared by Bloomquist 
and Clark of Battelle Memorial Institute (19), Pieters and Hovers (7), 
and others. Sized spheres from 3.5 to 25 microns in diameter can be 
purchased from Battelle Institute. However for calibration of the air 
permeability apparatus, larger spheres ranging up to 74 microns were 
desired. Therefore it. was decided to prepare the spheres in the 
laboratories of the Department of Mining. 

The procedure is briefly as follows: Glass powder is fed into 
the air stream of a blast type burner. The powder fuses in the burner 
fleme, is drawn spherical by surface tension, and leaves the flame as 
glass spheres. Collection apparatus recovers the product. 

Apparatus; Preliminary work on sphere preparation was 
carried out during the 1945-46 term by Lauer and Chalmers, but redesign of 
the apparatus was necessary to increase sphericity, and improve collection 
and recovery. After considerable experimentation a satisfactory apparatus 
was designed which could be controlled to yield a uniform product of good 
quality. The component assemblies whose design and operation will now be 
described are; 

1. The control panel. 
2. The powder feeder. 
5. The burner. 


4, The collection system. 
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The arrangement of these components to form the complete 
apparatus is shown diagrammatically in Figure 2, and as photographed 
in Figure 3. 

Control Panels- The control panel, Figure 4, gives the close 
control of gas, air, and oxygen pressures necessary for satisfactory 
operation. The feed pressure manometer indicates the air pressure at 
the head of the feeder. The Bunsen valve,made out of a slitted piece 
of tubing ,smooths out variations in air supply pressure. When the 
screw clamp is set so that about half the air entering from the air 
line escapes through the valve, the feed pressure manometer remains 
constant over considerable ranges of pressure in the air supply tank. 
For a large change in supply pressure, a slight change in the setting 
of the valve is necessary to obtain the correct feed pressure. 

The burner pressure manometer is necessary to indicate the 
fluctuations in burner back pressure due to powder blocks which 
occasionally occur. A jump in burner back pressure indicates possible 
fouling of the product with unblown material. 

The gas pressure manometer is necessary for duplication of 
the burner setting, in successive runs. 

Connections for introducing oxygen into the air feed are 
provided. 

Powder Feeders- Several types of feeding apparatus were tried. 
Agitation in a bottle by the stream of air was only partially 
satisfactory since the fine material stuck to the sides of the bottle 
due to electrostatic effects; the collapse of bridged material caused 


air flow fluctuation and powder blocks in the burner; and the air 
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FIC. 3 - PHOTOGRAPH OF SPHERE PRODUCTION APPARATUS 
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FIG. 4 - CONTROL PANEL 
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current would not lift the coarser material into the feeder line. To 
eliminate these difficulties a tube feeder with a mechanical vibrator 
was developed. 

This feeder is shown in Figure 5 with a photograph of the 
actual assembly. The ground glass powder is placed in the large tube, 
A, which is held at an inclination of about 5 degrees by a burette 
clamp. The air jet tube, B, has a peripheral jet blown into the end, 
teee—deteil Figs 3b), and slides through a cork, C. The jet tube is 
connected by rubber tubing to the air supply and the whirling jet of 
air, passing through the large tube, picks up the powder at the tip of 
the pile and carries it into the outlet and to the burner. Rate of 
feed is controlled manually by sliding C forward slowly as the tip of the 
pile of powder is blown off. A plug D fitted immediately behind the tip 
‘of the jet tube prevents the powder from eddying back into the upper end 
of tube, A. 

The fine powder tends to stick to the inside of A due to the 
electric charge built up by the friction of the particle stream. This 
tendency is peoeaeed by a motor driven tapper which taps the tube near 
the outlet. The tapper used is constructed from a 6 inch spatula held 
by the blade tip ina clamp, and actuated by a cam driven by a Cenco 
variable speed stirrer motor. The rate and intensity of the tapping 
can be varied, providing a second control of the feed rate. 

With a little experience this feeder can be operated to give 
a very uniform feed rate into the burner stream even with low air 
velocity. It is connected to the burner by small bore eubbes tubing 


and a rubber sleeve connection. 
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(b) FEEDER TUBE ASSEMBLY 


FIG. 5 - POWDER FEEDER 
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Burner:= The burner used is an ordinary glass blowers burner 
fitted with a one-sixteenth inch tip. The flame found most satisfactory 
is an 8 inch brush flame. This retains pyrex particles, up to 30 
mircons in diameter, long enough to fuse them. For pyrex spheres above 
50 microns in diameter, oxygen has to be added to the air stream or a 
large percentage of the big particles are nee fused properly. Oxygen 
cannot be used when feeding fine powder. The fine powder is fused into 
agglomerates by the high ésiepetis, resulting in multiple spheres and 
more than 10 per cent. of air bubbles. 

Collection Apparatus: = The collection system is composed of 
three parts: a 5 inch diameter copper pipe, a cyclone type collector, 
and a vacuum cleaner. Coarse material collects in the copper pipe. 

The vacuum cleaner draws the finer material over into the cyclone. 
Very little product reaches the vacuum cleaner bag. 

The original pipe was of galvanized iron, eight inches in 
Earcscer. This was found unsatisfactory since the galvanizing flaked 
eff and contaminated the product. Also the volume of air required to 
produce a carrying current for the material was too large. The five 
inch diameter copper pipe is satisfactory. 

The cyclone collector serves two purposes. It collects almost 
all the product which is carried over from the copper pipe. It also 
cools the hot gases from the burner and thus protects the vacuum.cleaner 
mechanism. Its construction is shown in Figure 6, and it operates as 
follows: 

Air carrying powder enters through the inlet and follows a 
spiral path down the outer space. The powder particles centrifuge out 


and collect on the walls or fall to the bottom. The air passes out 
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FIG. 6 - CYCLONE COLLECTOR 
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bl es 
through the cardboard tube in the centre on its way to the vacuum 
cleaner. 

The cyclone is water jacketed in a twelve quart galvanized 
iron pail. Cooling water enters the pail through a hose and overflows 
at the top. 

The vacuum cleaner is a standard Air=-Way large capacity model. 
The bag is the standard Air-Way paper bag, but the seam at the end is 
replaced by a wooden clemp to facilitate emptying. 

Detailed Procedure:=- Approximately 5 grams of powder are 
placed in the feeder tube. The jet. tube is inserted and the feeder set 
at the correct slope. 

The burner is lit and the gas aaeueced to give 1 1/4 inches 
on the manometer. with the Bunsen valve clamp closed, the air supply 
valve is opened slightly. The clamp is then opened until the feed 
manometer indicates 1 1/4 inches. The burner pressure manometer should 
indicate approximately 1 inch water pressure. 

The flame is checked and the vacuum cleaner is started. 

The tapper is started and adjusted to give a slow steady 
powder feed to the burner. The burner flame should appear uniformly 
orange yellow, indicating ani? orn rate of feed and correct fusion 
temperature. As the powder is used up the feeder jet must be moved 
forward to keep the larger particles feeding. When the feeder is empty 
the feed connections and burner are tapped. lightly to loosen adhering 
powder. 

Control of Product:- It is advisable to clean out the cyclone 


between runs so that a succeeding bad run will not foul up a good 
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product. The product retained in the tube is not of good quality since 
it is above 50 microns and too large to be properly fused with air. 

It must be rerun later with about 1/4 inch of oxygen pressure added to 
the feed air pressure on the manometer reading if a plus 50 micron 
product is required. 

It is also advisable to check each run under the microscope 
until operating conditions are fully standardized. The cyclone product 
is sampled and mounted in a drop of glycerine-water medium on a glass 
slide. Examination under low power magnification will indicate the 
quality of the product. 

Results:= By use of the above apparatus and procedure, 
approximately 100 grams of minus 30 micron pyrex spheres were prepared. 
Reblowing of the tube product with oxygen, produced approximately 25 : 
grams of minus 70 micron spheres. 

The sphericity of the products exceeded 95 per cent. in all 
but the coarse fraction, which was approximately 90 per cent. spherical. 
Bubbles made up about 2 per cent. of the product but although these 
produced some ateer in elutriation they could not affect the surface 
measurement. 

Sizing of Spheres by Elutriation 

Elutriation of the glass Spheres was necessary for two 

reasons: | 

(1) A series of fractions of different sizes was necessary to 
cover a range of specific surfaces. 

(2) Microscopic measurement of particles is more accurate on 


Sized fractions. 
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Apparatus: - A multi-tube elutriator of the water current 


type was developed which has very satisfactory operating characteristics. 


Figure 7 is a diagram of the apparatus as used for the sizing of glass 


Spheres. Figure 8 is a photograph of a modified arrangement used in 


later experiments on pure minerals. 


The apparatus may be grouped for purposes of discussion into 


five main components: 


1. 
Ze 
De 
4, 
5. 
In additicn, 


is required. 


The constant pressure supply system. 
The flow regulation apparatus. 

The charging apparatus. 

The elutriator tubes. 

The flow measurement apparatus. 


accessory apparatus for sample dispersion and filtration 


Constant Pressure Supply System: = The supply system consists 


of three head tanks interconnected by a siphon system, and a constant 


level supply tank which delivers water at constant pressure to the 


elutriator. 


This system was set up by Chalmers and Lauer during the 


term 1945-46 but originally had only one head tank. 


Each head tank is a 40 litre carboy with a siphon outlet. 


Each may be filled independently from a hose line attached to a faucet, 


but the water must be drawn from the centre tank, which discharges by 


‘Siphon through a screw clamp to the constant level tank. 


The constant level tank is a 20 litre bottle equipped with 


an overflow tube and an outlet to the flow regulator. 
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FIG. 8 - PHOTOGRAPH OF ELUTRIATOR 
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The Flow Regulation Apparatuss=- The flow regulator (shown 
in Fig. 7) is a one litre suction flask into which is fitted a cork 
with inlet tube, thermometer, and Mohr burette tube. The screw clamp 
on the inlet line from the supply system regulates the flow to the 
elutriator. 

The actual head of water on the elutriator tubes is indicated 
by the level in the burette. During a run, back pressure in the tubes 
falls off gradually, tending to increase the flow rate. This causes a 
drep in the burette, checking the increase. Flow regulation is there- 
“fore semi-automatic and during the latter part of a run no attention is 
required. The burette also allows escape of the air which may become 
entrapped in the line and gives a visual indication of the approximate 
flow rate. 

Charging Apparatus:- Charging of the powder sample to the 
elutriation tubes must be done carefully to maintain free settling 
conditions in the tubes and to prevent air bubbles from entering. 

The normal charge must be 50 grams or more to obtain fractions 
large enough for surface determination. Since the volume of the smallest 
tube is only 250 c.c. only 25 grams of fine powder can be admitted at a 
time. This can be regulated by the charging apparatus shown in detail 
in Fig. 9. 

The charger tube will hold 150 c.e. of suspension. Water 
flow can be passed without interruption in either direction through 
the tube or bypassed either above or below the charger tube. The 

charging procedure given later illustrates the necessity of this. 
| Elutriator nubesil: Sizing of the powder into fractions is 


carried out in the elutriator tubes of the assembly. 
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FIG. 9 - CHARGING APPARATUS 
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The selection of satisfactory tubes for the final design was 
the result of considerable preliminary testing on all available tubes. 

Tests on straight tubes indicated that they were not 
sufficiently accurate for calibration purposes, particularly with the 
high velocities required te lift 50 micron spheres and with the low 
velocities required to retain 10 micron spheres. All fractions from 15 
to 35 microns in diameter contained excessive amounts of minus 10 micron 
material. Observation of permanganate injected into a tube showed 
counter currents within the tube. Observation of powder being elutriated 
in the tube indicated that the velocity front was not uniform. 

Tests were conducted on pear sheped separatory tubes which 
were found very satisfactory at all flow rates. Originally the flow 
was introduced through a central tube from the tep. Although this 
arrangement performed very well when properly adjusted, difficulty was 
encountered in adjusting the BoLineey into the exact centre of the 
bottom of the tube. Also the exact position could not be duplicated 
for successive runs resulting in variable performance. It was realized 
that this difficulty could be eliminated by all-glass, rigid construction, 
but this was beyond the technical skill of the investigator so a simpler 
method was devised as shown in Figure 10. 

The admission of flow through the bottom of the tube resulted 
in a jet of water wich passed vertically upward in the tube and through 
the outlet. Therefore a device suggested by the Haultain Infrasizer 
was employed. A glass bead was placed in the bottom of the tube to 
break up the jet. Ideally the bead should seat in a ninety degree cone 
and this was the approximate shape of the bottom of the smaller tubes. 
Selection of a bead of proper size resulted in good performance in 


these tubes. 
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Observation of permanganate and glass powder charges showed 
extreme turbulence at the bottom of the tube which dissipated the 
entrance energy so that an almost perfect plane velocity front existed 
in the upper half of the tube. This is shown in the photograph of a 
tube being charged with powder (Figure 10). The extreme turbulence 
was also useful in maintaining dispersion of the powder. 

The inlets of the larger tubes, however, were too large and 
were very irregular in shape. ‘therefore it was necessary to place a 
properly shaped wax insert in the bottom as a seat for the bead, as 
shown in Figure 11. As this insert can be displaced by careless technique 
a description of the method used in its construction will be given. The 
tube is dried and carefully heated to slightly above the melting point 
of the poverri was. The stop cock is closed. A piece of wax slightly 
bigger than required is softened over a low burner flame until plastic. 
This is dropped into the tube and quickly pressed down with a wooden 
rod to seal tightly into the bottom of the tube. The tube is then 
heated gently until the wax in contact with the glass just melts te 
complete the seal. Then tube and wax are allowed to cool resulting in 
a wax plug (Fig. 1l(a). The wooden tool (Fig. 11(b), carved to form 
a double edged bit as shown, is then used to drill the cone. The 
tool is centred at the top by a cork and is centred at the bottom by 
the glass tube when the cone is complete (Fig. 1l1(c). This ensures 
alignment of the axis of the cone with the tube axis. A second wooden 
tool (Fig. 11(d) is used to drill a 2 millimetre diameter hole from 
the apex of the cone to the stop-cock hole. The finished insert is 


shown in Figure ll(e), and provides a satisfactory seat for a 4 mn. 
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(mh) Cone Tool (ad) Hole Tool 


(c) Drilling the Cone (e) Completed Insert 


FIG. 11 - WAX INSERT 
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diameter glass beed. Excess melted wax and wax turnings are removed 
with a cloth swab moistened with carbon tetrachloride. 

Seven tubes in all were used in the investigation = two straight 
tubes, and five separatory tubes. The sizes of these are given in 
Table 1, with the theoretical minimum diameter of pyrex spheres which 
will settle in each tube at flow rates varvine from 4 to 324 millilitres 
per minute, assuming streamline flow. Flow in the two small straight 
tubes was transitional between streamline and turbulent so values 
tabulated are inaccurate. Only the separatory tubes were used for 
glass sphere elutriation. 

Connections between the tubes must be of small bore flexible 
rubber tubing. A larger rubber sleeve is used to join this tubing 
to the larger tubes as shown in Figure 10(a). Glass tubing used at 
the top should be of small bore. The tee and pinch cock at the top of 
each tube is required for release of bubbles from the system when 
running. The tops of all tubes must be af approximately the sane 


height so this may be done. 
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Standard Elutriator Tubes 


Separatory Tubes 


r 


| minimum dia. of spheres in tube D (microns) 


4 31 
9 | 46 
16 62 


265 | 76.5 


100 


: 


169 


175 


196 


‘Turbulent Flow 


25 


10.5 
15.7 


21.0 


Calculated by Stokes! Law for pyrex at 20°C. 
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Flow Measurement Apparatus:= Accurate measurement of over- 
flow was carried out from time to time using a graduate. However it 
was found that for flow regulation during charging and for cuetiaaeien 
of flow rate during the run, a flow meter was necessary. A piezometer 
for flow indication and measurement was constructed as shown in 
Figure 12(a). 

Flow rate is indicated by the height of the water column 
necessary to cause flow through the tip. The piezometer escape tip is 
drawn from glass tubing and is designed to give a sensitive reading 
over a geeited range of flow rates. Two tips were saed: Calibration 
curves for flow rates at 20 degrees Centigrade are given in Figure 12(b). 

Additional Apparatus:;- (a) Dispersion apparatus, - Initial 
dispersion was carried out in a beaker by use of a high speed stirrer. 
The stirrer was an air driven rotor operating on the jet reaction 
principle and was patterned after a stirrer described in Industrial 
and Engineering Chemistry (58), Details of construction are shown in 
Figure 13. 

The bearings are pieces of glass tubing held in place by 
sections of heavy rubber tubing of correct size to fit snugly in the 
outer tube. These end bearing must be wired together to prevent them 
from being blown out.. The driving rotor is blown from 5 mm. glass 
tubing and the impeller end is a piece of stirring rod with a rubber 
impeller carved from a rubber cork. The two parts are joined by a piece 
of rubber tubing with a hole through which air enters to the rotor. To 
‘locate the rotor in the upper bearing a thrust bearing,of two steel 


washers and two sections of rubber tubing,takesthe outward thrust, while 
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Fig (2a - Construction 
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| FIG. 12 - FLOW MEASUREMENT APPARATUS 
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a short rubber collar locates the rotor at the outer end. Oil must not 
be used on the bearings since a grinding compound is formed which rapidly 
plugs the bearings with ground glass. Five pounds of air is more than 
sufficient for operation. 

(b) Filtration apparatus.= Filtration of the small samples is 
carried out on the special filter set shown in Figure 13(b). 

If there is less than 10 coc. of water to filter off or the 
sample 18 coarse, the large funnel need not be attached to the top of the 
crucible. 

Filter discs are cut from a sheet of medium retentive filter 
paper. The discs are marked out with a cork borer and cut out with 
scissors. They should be check weighed to maintain uniformity within 
plus or minus 0.001 gram. 

Operation Details:= Several points of procedure require 
explanation since they have a considerable effect upon successful 
operation of the process. 

The water used was ordinary ee eatee. The head tank was filled 
the day before the run so that the water would be at room temperature. 
This prevented convection currents i ee eaten water temperature 
during the run. so dissolved oxygen, which otherwise caused small 
bubbles in the tubes, came out as the water warmed up to room temperature. 
Water stored more ches a week in the warm room, became full of algal 
growth. It was found that about 5 c.c. of Perfex (NaOCl soln) in the 
tank after filling prevented this growth. There was no apparent 
harmful effect upon the dispersing agent during the elutriation. 

Previous to the elutriation of the powder, tests ol daveratae 


the eptimum amount of dispersing agent were made. The method used is 
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described by Fryer (1) and by Bauer(5°), A series of test tubes is set 
up, each containing a different concentration of! the dispersing agent. 
A small sample of the powder is placed in each tube and all are agitated 
at the same time. The tubes are then left standing for an hour and 
examined. It will be seen that too little or too much dispersion causes 
flocculation. The optimum amount can be selected by comparing the 
turbidity in the tubes. 

Calgon was used as a dispering agent. The optimum amount for 
pyrex spheres was determined as 0.2 grams per litre. This was used for 
initial dispersion and also was added to the water in the head tank 
just before a run to maintain dispersion. It was found that the sodium 
phosphate greatly accelerated the growth of algae so water containing 
Calgon could not be stored for more than a day. 

Since the viscosity of water varies considerably with tempera- 
ture, the nominal rate of flow for 20 deg. Centigrade (from Table 1) must 
be corrected for other temperatures. Correction factors for temperatures 
between 15 deg. and 25 deg. C., taking changes in viscosity and specific 
density into aopouns are given in Table 2. The factors were calculated 


from the formula: 


(dy - do) tox. ad 


where dj * density of pyrex (gm. per coc.) 
do * density of water (gm. per cc.) 


U = viscosity (poises) 


a) 
Qi 


factor for flow rate correction. 
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Table 2. Temperature Correction for Elutriator Flow Rate. 


ae | Viscosity j Density Density eon eae tion 
degrees U ecti do Correction} Factor 
C. (poises) gms. per cc f 
' (3) x (5) 
15 1.1404 0.99912 0.881 
16 1.1111 .905 0.99897 0.904 
17 1.0828 | 2928 | 80 ) 0.927 
18 1.0559 «952 62 0.952 
19 1.0299 | 976 43 0.976 
20 1.0050 1.000 29 1.0000 1.000 
21 0.9810 1.024 02 1.024 
22 0.9575 | 1.050 0.99780 1.050 
20 0.9358 1.074 56 1.074 
24 0.9142 1.101 32 1.102 


25 0.8957 1.125 0.99707 1.9010 1.126 


To obtain actual rate, multiply flow rate at 20°C. by "f" for 
actual temperature. 


Outline of Procedures=- For elutriation of glass spheres 
only four tubes were available, the 150, 250, 500 and 1000 millilitre 
separatory tubes. For reference these were designated Tubes 1, 2, 3 
and 4, respectively. 

From Table 1 flow rates and tube sizes were selected to give 
a set of powder fractions whose minimum diameters were approximately 
@ Beometric series. With the tubes available, in order to cover a 
suitable range, the procedure was divided into three stages. Figure 14 


shows the three flow rates chosen and the tubes used with each flow rate. 
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Unsized Sample 


STAGE I 


Flow rate 81 ml. per min. 


Tube 3 


Coarse Portion Fine Portion 
+ 18.8 microns -~18.8 microns 
STAGE II STAGE III 


Flows 175 ml. per min. Flow: 16 ml. per min. 

Tube Size Fraction 
(Nominal) Number 
microns 


Tube Size Fraction 
(nominal Number 


+ 44.1 -18.8 + 13.2 


44,1 + S507 


=-13 32 


@$3.7 + 23.7 


-25.7 + 18.8 


Fig. 14 Procedure for Elutriation of Microscopic Spheres 


In Stage I the sample is split into two fractions, one 
nominally coarser than 18.3 microns in diameter, the Benes finer. This 
is accomplished by elutriating the sample for two hours with a flow rate 
of 81 millilitres per minute in Tube 3. tn Stage II the coarser 
portion is re-run at 175 millilitres per minute using Tubes 1, 3, and 
4 to obtain four coarse fractions. In Stage III the fine portion from 


Stage I is re-run at 15 millilitres per minute, using Tubes 1 and 4 only, 
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to obtain two fine fractions and an overflow product. It will be noticed 
that had Tube 5 been available for glass sphere elutriation, a better 
selection of rates could have been made requiring only two stages. (see 
Table 1) 
Detailed Procedure: Stage I 
Apparatus: Tube 3 only 
Preliminary Steps: m Fill head tank the day before. 
(b) Add 0.2 grams Calgon to head tank for each litre of contents. 
(c) Couple up elutriator, having current pyipasa ae above the 
charger tube, clamps G, D, and H open, all others closed (see Figure 9). 
(d) Allow tube to fill and eliminate all air. 
(e) Adjust screw clamp to regulate flow to slightly less than 81 ml. 
per min. as indicated by piezometer (Figure 12). 
(f) Adjust flow into the constant level tank so that it is just 
overflowing. | 
(g) Note temperature aid calculate flow rate equivalent to 81 ml. 
per min. at 20 degrees C. (see Table II). 
Dispersal of Sample: (a) Place sample in 200 ml. beaker. 
(b) Add 100 c.c. water and 0.2 gm. Calgon. 
(c) Stir rapidly for 5 minutes with air stirrer. 
(d) Raise stirrer and wash off impeller with wash bottle. 
Charging: (a) Remove charger tube and cork from apparatus 
with clamp A in ieee 
(bo) Wash sample into charger. 
(c) Place cork in tube, clamp B open. 
(d) Comnect charger into apparatus. 
(e) Divert water flow to by-pass below the charger by opening 


clamps E and F and closing D. 
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(f) Open clamp A and let charger tube fill slowly from the bottom, 
air escaping through B. 

(g) Open Clamp C momentarily to clear outlet tube of air bubbles. 

(hn) When tube is full and all air has escaped, close B, close A, 
and open C. 

(i) Quickly close E and open A. Charge should begin to lift and 
charge out C into Tube 3. | 

(j) Open D slightly until heavy material just teeters at A. This 
bypasses water above the charger and keeps charge in Tube 3 at low 
density. 

(k) Regulate flow rate to just below the required rate. 

(1) As finer material becomes charged, close D and let coarser 
material lift into Tube 5. 

Running: (a) Run for 2 hours after Tube 3 overflows. 

(b) As soon as the material begins to overflow Tube 3, regulate 
flow to the correct rate and check with graduate. Note exact piezometer 
setting and regulator burette reading. Reset head tank flow if 
necessary. 

(c) Rate of flow requires manual regulation during the first half 
hour, but is semi-automatic for the remainder of the run. 

(d) Collect overflow in 10 quart enamel pails. 

Draining Tubes: At end of run, quickly shut off Tube 3 and 
stop cock A. 

(b) Shut off regulator clamp and head tank. 

(c) Drain tube and charger into same beaker. To drain the tube, 
Paibte rubber tubing from the bottom and wash tubing into beaker. Then 


open stop cock on the tube and open pinch cock at the top. Insert a 
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piece of fine wire up into the tube to lift the bead. When tube has 
drained, wash down with wash bottle. 
Stage II 

Apparatus;= Tubes 1, 2 and 4, connected as in Figure l. 

Preliminary Steps:- as for Stage I. 

Dispersal of Sample:- (a) Allow coarse fraction from Stage I 
to settle and siphon off water except Po about 100 millilitres. 

(b) Disperse as for Stage I, for 2 minutes only. 

Charging:- (a) to (1) Repeat as for Stage I. 

In some cases the bulk of water in a rerun sample cannot be 
kept to one charger load. In theae cases the sample may be charged in 
two or three loads, if the charger is completely cleared each time. 
The following additional charging steps are necessary. 

(m) To finally transfer the coarsest material into Tube Were 
EB and close H, and after nearly all the charge has settled and passed 
out through E, open D, close F and drive the remainder into tube l. 

(n) When charge is all in, open F, close D, C and A. | 

(o) Charger may then be removed, refilled, and steps (a) to (n) 
repeated. 

Running:=- As for Stage I. 

Tap side of Tube 4 gently every 20 minutes to dislodge 
fines. 

Draining:= As for Stage I. 

Drain tubes in numerical order into marked beakers. 

Filtration of Fractions:- (a) Let each fraction stand until 


clear (overnight for fine fractions). 
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(b) Siphon off most of the water. 

(c) Filter into previously weighed gooch crucible (see Fig. 13(b). 

(d) Change receiver flask ee wash with 3 ml. ‘used’ alcohol to 
remove water and prevent caking. 

(e) Wash with 1 to 2 millilitres clean alcohol (retain washings 
as 'used' alcohol). 

Drying of Fractions:=- Dry sample thoroughly at low heat over 
a hot plate and cool in a dessicator. 

Weighing:=- Weigh to nearest 0.005 gm. 

Stage III 

Apparatuss=- Tubes 1 and 4 only. 

Praliaiaeey i= As for Stage I. 

Sample Dispersal:- Overflow collected in Stage I, settled 
4 hours and water siphoned off. 

Disperse as for Stage I. 

Charging:- As for Stage II. Flow rate under 16 millilitre 
per minute. 

Running:=- As for Stage II but run for 3 hours after material 
overflows tube 4, at 16 ml. per minute. 

From time to time agitate the rubber tubing connecting the 
tubes to dislodge the fine material which tends to settle out of the 
slow current at the bottom of the tubing loops. 

Dreining, Filtering and Drying:- As for Stage II. 

Results: Each size fraction as obtained from elutriation was 
placed in the same bottle as previous fractions of the same size. The 


total quantity of each fraction is given in Table 3. 
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Table 3 Results of Sphere Blutriation 


Fraction Nominal Size Total Weight 
(microns ) | (grams) _ 


1 6.2 
2 12.5 
3 56.4 
4 22.4 
5 30.5 / 
6 15.9 
7 0.5 


Each fraction was sampled and size analysed by microscope. 
Final results are given in Tables 5, 6 and 7 and are shown graphically 


in Figure 19. 


Microscopic Evaluation of Specific Surface 


The surface of each fraction was determined accurately by a 
Microscopic Method, involving the preparation of mounts, making of 
photo-micrographs, measurement and count of particles, and calculation 
of specific surface. 

Preparation of Mount: Preparation of a suitable mount for photo- 
micrography involves the technique of sampling, dispersion and mounting 
discussed in the theoretical section. 

Sampling: A small sample must be taken accurately. The 
bottle containing the fraction is shaken for five minutes to thoroughly 
mix the powder. The sample is then poured out on a clean sheet of 


hard white paper and coned and quartered to reduce it to about 0.5 grams. 


From this is taken a 0.01 gram sample. 
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Dispersion: The sample is placed in a small mixing cell, 
which is the glass base from a burnt out fuse. The dispersion medium 
used is a five to one glycerol-water solution. This has a refractive 
index of about 1.43 as compared to pyrex with a refractive index of 1.46, 
and is viscous enough to hold the powder in suspension for some time. 
Sufficient medium is added oe the sample in the cell to give the 
required density of suspension. The powder is mixed thoroughly with the 
medium using a small glass rod tipped sith a short section of small bore 
flexible rubber tubing. 

Mounting: When the suspension is uniform a drop is transferred 
quickly to a glass slide and covered quickly with a cover glass. The 
cover glass is pressed down and rotated gently to spread the glycerine- 
powder mix to a layer one particle deep. 

Preliminary investigation under a medium power microscope is 
advisable to check uniformity and density of the mount. The slide 
should show no flocculation, should be perfectly uniform in density and 
should be dense enough to give a good field for counting. If too dense 
add more medium to the mixing cell and make another mount. It is 
important that the difference in refractive index between the pyrex and 
the medium should give low relief. However if relief is too low for 
good definition of particles, a little water should be added to the 
medium. | 

Photomicrography: Photomicrographs were made me by 10 inch 
Photostat paper at 258 X magnification using the optical equipment 


shown in Figure 15. 
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Optical Arrangement: Light from the are lamp passes through 
the water filter, filter disc,and diaphragm stops,into the objective 
head,where it is reflected up through the objective lens to the mount. 
The mount is placed upon the stage with a plane mirror above as shown 
in the detail (Fig. 15b). To prevent the slide from being moved by 
vibration it is supported on two strips of friction tape on the stage. 
The mirror is spaced away from the slide by two other strips of tape. 
The light is reflected back down through the mount and passes 
into the camera through the ocular and shutter. 
Calibration of the Ocular Scale: The regular ocular is 
replaced by a Spender 10X filar ocular. This is adjusted to focus 
the ocular scale on the camera ground glass. Calibration of the 
projected scale is carried out against a 0.01 millimeter mirror stage 
micrometer. The micrometer is placed face down on a glass slide plate 
lying on the stage. The objective is focussed on the micrometer scale 
and the image is projected oe cee camera ground glass. Calibration is 
carried out by direct comparison of the projected re and micrometer 
scales. 
With a 16 millimetre seeccuive and the camera extension at 
55, one small division of the filar scale equals 13.7 microns, giving 
a magnification of 258 X. 
Procedure: Q) Optical adjustments; . 
(a) Filter - green liquid. 
(b) First stop - 5.5 
(c) Second stop - 3/4 


(d) Objective =- 16 mn. 
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(e) Soueeee filar ocular. 

(f) Camera Extension 55. 

(2) Focussing: 

(a) Place slide on stage with mirror on top, not touching 
the cover glass. 

(ob) Check focus of filer scale on ground glass. 

(c) Using auxiliary focussing tube, select a field at 
random. Focus on first image, which is in the same plane as the stage 
micrometer. (Second image is a mirror reflection.) 

(d) Project on camera ground glass and focus sharply. 

(3) Photography: 

(a) Expose photostat paper 10 seconds. 

(4) Develop 45 seconds in News Bromide PMC Developer. 

(5) Fix and wash. 

Results; A sample of the paper negative obtained is shown 
in Figure 16. 

Two fields selected at random were photographed from each 
mount. Two mounts were prepared from each of fractions 3, 4, and 6, and 
one from each of fractions 1, 2 and 5. No Significant difference in 
size distribution was encountered between two mounts from the same 
fraction. (See results of measurement and count, Tables 5, 6, i. 

Since counting and measuring of the particles could be done 
from the negatives, prints were unnecessary. However, to illustrate 
the size of each fraction, small prints were made, as shown in Figure 17. 

Since these prints cover only a small portion of the field 


they are useless for quantitative size analysis. They do show the range 
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FIG. -16 - SAMPLE OF PHOTOMICROGRAPHY NEGATIVE 
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Fraction 1 + Fraction 2 
D, 50.0 microns Ds 35.9 microns 


ba) 


Fraction 3 Fraction 4 
Dg 27.0 microns Dg 20.8 microns 


Fraction 5 Fraction 6 
De LS. Sumverons Dg 10.1 microns 


1 scale division=13.7 microns 


FIG. 17 - PHOTOMICROGRAPHS OF SPHERICAL FRACTIONS 
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of sizes in each fraction, the sphericity of the particles, and the 
definition obtained in the photomicrographs. Apparently opaque Spheres 
are bubbles. : 

Measurement and Calculations; Measurement and count of the 
Spherical particles was carried out on the paper negative using a 
plastic scale. 

Scale: The scale of the filar micrometer as projected on 
each picture was useful for comparative purposes. However it could not 
be moved around on the paper. Measurement with dividers and comparison 
with the scale proved tedious and involved interpolation between scale 
divisions. The plastic measuring scale shown in Figure 18 was devised 
and was found to be accurate and rapid. 

The scale is constructed as follows: From the calibration of 
the ocular system, 5 scale divisions equal 68.5 microns. On a piece of 
plastic sheet a horizontal base line is scribed and marked off into 
more than 68.5 equal divisions as shown in the figure. These divisions 
may be any length depending on the accuracy required in the instrument. 
At the 68.5 mark a short vertical line, exactly equal to 5 photographic 
scale divisions, is scribed. A third line is scribed through the zero 
of the base line and the upper end of the vertical line. To make the 
lines and scale more legible the scribed marks are filled with red grease 
pencil. i | 

It is evident that the diameter of any sphere fitting between 
the two lines will be given very nearly by the scale reading where the 
sphere is tangent to the base line. The theoretical error in reading 


the diameter on the base line can be shown to be 0.5 per cent. at this 
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Slope or 0.1 micron for a 20 micron sphere. Increasing the length of 
the base line and decreasing the slope would improve the accuracy. 

The instrument may be manipulated with one hand while 
measurements are tabulated with the other. 

Method; Using the above instrument all the particles ona 
negative are measured to the nearest micron. Since the images of 
particles around the edge of the plate are elongated radially from the 
optic centre the base line should be kept pointing toward the centre of 
the plate. The diameters can be judged within 0.5 microns quite easily 
if the particles are in focus. Sub-angular particles, being few in 
number , do not cause an appreciable error if their diameters are 
approximated. 

Tabulation: The measurements are tabulated as shown in Table 4, 
which also shows a sample caleulation for average diameter and specific 
surface. 

Results: The results of the microscopic count and the calculations 
of specific vartnes on the spherical pyrex powder fractions are given 


in Tables 5, 6 and 7. 
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Table 4 = Specimen of Tabulation, and Calculation of 
7 Microscopic Results 


Fraction number: x 


Plate number: xx 
Measured Values Calculated Values 
Diameter D Count Total Te nb* nD® 
(microns ) n 

12 Z e 5 a 

13 Ke 1 2.8 169 2200 

14 I/ 2 5.6 392 5490 

15 JH1 5 15.9 1125 16900 

16 LA IIT g 22.2 2040 32800 

ie 10 2768 2890 49100 

ie eT 6 16.7 1950 35000 

19 Hd 3 8.3 1083 20600 

20 / 1 2.8 400 8000 

ote Ee is : 

36 100 10, 050 170,100 
Average Diam. Bee es = 170,100 = 16.9 microns 
nbé 10,500 
Specific Surface $ = 60,000 * 60000 


Qj 2.25 m 16.9 


1580 sq. cme per gm. 
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Table 5 - Results of Microscopic Size Analysis of Spherical 


Fractions 1 and 2 


Fraction 1] Fraction 2 
Measured Measured 
Diam. Count % Diam. % 
(microns ) 
29-30 1.6 
31-32 0.6 
33-34 1.1 
35-36 a 
37=38 lel 
39=40 eo oer | 
4142 6.1 
43=44 the 
45-46 22.6 : 
47-48 752 “ 
49-50 pile A 
51-52 3.9 | | , 
53-54 6.1 ‘ 
55456 6.5 4h : 
57=58 2.7 re 
59=60 Cot 38 ee 5.4 
61-62 1.1 39 9 4.4 
63-64 1.6 40 13 6.4 
65-66 1.6 41 4 2.0 
67-68 - 42 4 2.0 
69-70 6 43 1 cP OuS 
N = 181 | 44 1 0.5 
nd® = 436,800 45 eee 0.5 
nd? = 21,962,000 N = 203 
Ds = 50.0 | na® = 247,900 
S = 60000 = 540 | Ds = 35.9 
50 x 2.25 - = ase 
| 


Nominal +43 - 73 nd® = 8,882000 


6.0 


soS = 1 
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Table 6 = Results of ] Microscopic Size Analysis of er 
Spherical Fractions 5 and 4 


Fraction 3 Fraction 4 
Mount 1 Mount 2 Combined || Mount 1 Mount Z. Combined | 


0.6 0.1 
0.6 O.1 
@.2 0.6 
0.7 1.2 
0.3 0.6 0.5 0.2 1.5 
0.3 0.2 0.9 1.0 
0.55 0.2 1.9 2.8 
0.55 | 0.3 0.5 4.3 7.1 
9.3 10.0 
0.55 0.3 10.5 9.8 
0.55 ea 6.6. Ves 19.6 20.5 
1.6 4 1.5 22.0 19.3 20.5 
202 505. 2.0) WET 16.8 14.5 
6.5 5.5 6.1 8.5 6.5 7.4 
10.4 VE He | S28 1.8 267 
1422 17.5 eG ol ts 1.0 1.4 
10.4 15.3 12.5 0.2 0.4 0.3 
10.6 1166 (2.21.1 0.3 0.2 
8.2 9.1 B.6 || G16 0.3 
9.0 6.2 7.6 0.2 0.1 
11.4 7.3 9.8 
Bice te 3.3 44 0.4 0.2 
BS | 1.8 2.4 al 
2.5 me 2.0 
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Table 7 - Results of Microscopic Size Analysis of 
Spherical Fractions 5 and 6 


aoe? 5 Fraction 6 


Size Mount 1 Mount 2 | Combined 
Microns | j[Field 1 |Field 2 
3 0.4 0.4 0.235 
& 0.8 0.9 0.5 | 0.6 
5 1.1 0.4 1.2 0.9 
6 5.35 309 566 4.1 
vi 11.4 7.4 9.2 9.5 
8 17.4 135.0 12.0 14.1 
) 18.5 19.2 18.6 19.0 
10 21.9 26.9 24,7 e4e7 
Vy My) 17.4 13.8 14.3 
12 4.2 7.8 10.4 8.0 
13 4.9 et 226 Sel 
14 Ged | 1.3 1.2 1.5 
15 0.3 0.1 
16 
17 
18 
19 


ee 


| 2680 2660 


in . eis BNE Neil \ 
aM: pytes Ri, at ‘ ie Sich 
be a 8 i ih 
2 E- ” ny, is 
on Pe Te 4 


cs) 


eas 


Oiee 


a Aree peste pe are 
oS 
be . Ld 5 
Cae, * . 
; } 


PS a nt acute ~ PO I ea at REE Delian 


SIN set ln it Re Cy nt bore ap 


a lee 


es 


.s 


a 


id, 

ie Mea 
a 

oe 


i A tiara cere iii Rape eee A a ee ee 


FOTO Se ES th im tte ai ela ee 


Des 


wits Neo ee AP pm adele 
; - 


NO een Nai Ae om aA oa nla 


Laer yee air: 2 eee 


1 tr pao heey dP 


- 109— 
Discussion of Results 


A summary of the surface standards which were prepared is 


\ 


given in Table 8. 


Table 8 = Standard Surface Fractions 


Specific Surface 
iS) 
em’ per gram 


Measured 
Average Diameter) 
Ds (microns) _ 


Nominal 
Size 
(microns ) 


Pyrex 
Fraction 


The range of particle sizes covered by the six powder fractions 
extends from 50.0 microns (equivalent to Tyler 280 mesh) down to 
material averaging about 10 microns in diameter (theoretical 1500 mesh). 
‘These standards therefore cover the range of particle sizes conetdened 
most important in ore dressing operations. 

Accuracy of the pwndnede can be judged by inspection of 
Tables 6 and 7. The results on twor mounts of Fraction 5 deviate by 
only 1 per eps bes the mean, which would indicate a difference in 
average diemeter of about 0.1 micron due either to measurement or 
sampling errors. The deviation is 1 1/2 per cent. for Fraction 4 and 
is 1 3/4 per cent. for Fraction 5. Results for Fraction 6 show the 
least deviation, slightly less than 1 per cent. The good agreement 
between the two fields, shown for Fraction 6, is indicative of the good 


dispersion and uniformity of mount obtainable with very fine powders. 
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Table 5 shows only the total counts for Fractions 1 and 2 
since it was necessary to combine ali results in each case to get a 
large enough count. The large particles are relatively the most 
accurately measured but error may be due to an insufficient number of 
particles. However, from Tables 6 and 7 it would seem that with a count 
of about 200, results should deviate from the mean by less than 2 per 
cent., so the error in Fractions 1 and 2 is probably not more than this. 

Figure 19 is a plot of the size distribution of the six 
fractions. It is evident that the size range for each fraction is within 
15 microns except for a small percentage, the surface of which, if 
neglected, would not make a significant difference. Therefore no error 
in results should be expected due to insufficient depth of focus. 

The sample photomicrograph, Figure 16, shows that the 
Da econtace of sub-angular particles can make no significant error in 
results. The bubbles are all closed and were measured as solid spheres 
So they can cause only an insignificant error in results, due to error 
in material density. | 

The specific surface of the standards powders can therefore be 
considered as being accurate within 2 per cent., which is well within 


the reproducibility of the air permeability apparatus. 
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THE AIR PERMEABILITY APPARATUS 

The air permeability apparatus used was patterned after the 
Rigden Apparatus shown in Figure 1. However several modifications were 
made to make the apparatus more flexible in range, to suit the materials 
available, and to simplify operating technique. 

The theoretical equations were useful for determination of 
the required dimensions. Use of the apparatus resulted in minor 
changes in apparatus and technique. 

The final apparatus is as shown in Figures 20 and 21. Its 
proportions were arrived at by the following considerations: 

Design Considerations 

The Kozeny equation for specific surface calculation from 
air permeability data was assumed sufficiently accurate for use in 
design of the apparatus. As adapted by Rigden for use with the Rigden 


type of apparatus it is: 


s¢ = 2¢d2. AT ° Ro 
————— 2 ———12 
@inb; kULd° (1 =) 
he 


where § = specific surface 
A = area of cross section of powder bed 
L #* length of powder bed, (cm) 
U = viscosity of air, (poises) 
BE = fractional porosity of powder bed 
k = Kozeny's constant = 5 (approx. ) 
@ = cross section of U tube limbs, (cm*) 
hy, and ho" heights of timing marks above the fluid 


equilibrium level, (cm.) 
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FIG. 20 - PHOTOGRAPH OF ATR-PERMEABILITY APPARATUS 
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FIG. 21 - AIR - PERMEABILITY APPARATUS 
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d, = density of material (gm. per ome® ) 
dg = density of U tube fluid (gm. per em.°) 


gravitational constant = 980 


63 
8 


T = time for liquid to fall from hy, to ho, (seconds) 
(Rigden's derivation of this equation from Kozeny's equation is given 
in Appendix 1) 

The practical characteristics of a suitably accurate apparatus 
would seem to be: 

(1) Reproducibility within 3 per cent. 

(2) Range of specific surface measurements covering the =200 

mesh plus 7 micron powders. 

(3) A time limit of 5 minutes for a single measurement. 

(4) Simple operation. 

(5) Simplicity of construction and portability. 

The equation shows that, for a given powder bed of given 
porosity, time varies inversely as the bed area and directly as the 
bed length. Time also varies approximately with the square of the 
specific surface. 

Rigden states that, if the simplified variable pressure function 
is to be used to represent the average pressure across the bed with 
reasonable accuracy, hg must be at least 5 centimeters, and h) must be 
about 15 centimeters. ‘aowuger the area of the U=tube can have any | 
practical value. 

From these coneideracione ae following dimensions were 
decided upon: 

Area of permeability cell to be approximately 2 em. 


Area cf U tube to be about 7 om.e 
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Depth of bed to be variable, from 1 to 5 centimeters, depending 
upon the specific surface of the powder. 

This design gives a calculated time of 20 seconds for a 200 
mesh pyrex fraction with bed depth of 5 centimeters. For a pyrex 
fraction averaging 7 microns in diameter, the time is 400 seconds with 
a bed depth of 1 centimeter. 

Apparatus: 

U-tube; The U-tube is formed from two condenser shells, as 
shown in Figures 20 and 21, which are joined at the bottom to a curved 
connecting tube by two rubber corks. The vertical tubes have a cross- 
section of 7.22 square ceatineters and are 50 centimeters in length. 
The connecting tube is bent from 9 millimeter glass tubing with short 
Side arm to facilitate adjustment of the fluid level. The two 
condenser shell side arms at the bottom are joined by rubber tubing. 
The top side arms act as air connections for operation. The 
permeability vedo epcteata: connected into the top of the vertical 
tubes by rubber corks. 

Fluid; The fluid which half fills the U-tube is "Prestone" 
(ethylene glycol). This was chosen since it has a low vapour pressure, 
no fumes, fairly low viscosity, and no corrosive effect on the rubber 
connections. Water was tried but the level required constant 
adjustment due to evaporation: Light mineral oil gave off objectionable 
fumes, and also attacked the rubber corks. 

To protect the fluid against absorption of water vapour from 
the air, the calcium chloride drying tube is connected to the intake 


side arm and all intake air must pass through this. 
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Indicator: Two nee marks, A and B, are established on the 
right hand tube, 5 centimeters and 15 centimeters above the equilibrium 
level of the fluid. Due to the slow rate of fall with samples of high 
specific surface, it is very difficult to judge the time at which the 
liquid meniscus passes the lower timing mark. A timing indicator was 
constructed of thin spring brass, and inserted into the tube as shown 
in Figure 21. Two strips of brass are bent and soldered together, with 
the timing points exactly 10 centimeters apart. The device is then 
pushed to the desired position in the U-tube and is held in that 
position by the curved spring of the upper strip. As the liquid falls 
slowly past the timing point the meniscus clings to the point, but at 
@ short fixed distance below the tip, the drop breaks. If the 
indicator is adjusted carefully so that the drop breaks just as the 
surface of the liquid passes the upper timing mark, the drop will break 
from the second point exactly 10 centimeters lower. Indication is thus 
positive and very accurate. 

Timers An electric “Time=it" timer was used, reading to 0.01 
minutes. A calibration curve was used to convert time to seconds. 

Permeability Cell: The accuracy of the apparatus is dependent 
to a large extent upon the accuracy of the dimensions of the powder bed 
contained by the permeability cell. The permeability cell, Figure 22 a, 
is patterned after the cell used by Blaine (46)(47). It is constructed 
of a thick welled glass tube with an internal cross-section of 2.11 
square centimeters. A ledge for support ef the bed is formed by an 
inner tube, which makes a sliding fit with the outer tube, and is 


cemented into place. The perforated porcelain disc which rests on the 


: = BLL m 
e 
: Me i wit wae pe r (gt ¥ 
4 te feftldeted ett ei IRR ay CR ea mee Ie (ey ito pot byt 
fut is.) ipe Fr faa fren rN Sh SHS ‘ ) a ya at araabe = eure ; ni: 
y ris { if) SUV Ie ah 2a Ue Sa gh fret Pity re hi I Arte a Beg OER pt CE BR ie ecug forced z ns os 
* + 4 ae rv her ‘ * c a ay “ Ra 
abel e dbiw Piet to eFencno le ohh of ord uehitt?. ead To: fered 
mee it edt epbyl ot Obohta ib yaer eh Fh Webeiine ottiosaer 
¥ ot 2s Ae Poe Lue hE as} bin ait ch SERS Ly fe Soh hed « hie? 'e sae) 99 a a ae BAe Sa a Al hit 
afer boat geriuid A wae goths, tewo) eit escunsq upetuem Bigsoes 
re é ae Se? A hie she * ie 
nwote Be oe we ott Derrernt bre .otere, pelooe ahd te Demo rans 
; my dite a a Sot ee 
iw 4° fesos Derecl ute dust ote feet Io egitie owl 210 ene, af 
“ es . ae Ree . te |: oa mA sey oF orbs 
mend 2h sofveh ofT  atiage eietamivnea OF vidoeme adase G ec bo eal 
e ane R s £. ‘ i - 
tedd ot pled et ie iol @as ME Holgleog Hbetieeh edd ov Dedeug 
of f w% Poor f rick a Gere wsaqw ey Jo wepige bovigo vent wl mabey ate 
ad 5 Ae hy FL BN2 ve a eae we is te : ea) “ft Pig ; 
: é + = iJ we ke ie ae a ae is % 7 : 
ree cud «cato as. OF epnilo agoetivem eid tetog aaimitd elt deaq. viwg te 
ae Pole ne +) aayikan pe Pi tak of css We i 
Sis IT ae eer: Geek seh th swede Reet Oe og 
; i a eh es Pf ete aie botaut b eb yo nol bas 
Sint aos Ri GSE oe Laie GR, ae a Sach oe] Pe as che oA ‘fe } sO Pee ELIF Cases B yy 4 or ht DN Bs ar 5 Oe JO RE -Y 
1 Ret Li iwe aod ery ee SPER SEC Ce RE STR F Ne ‘TO sree ee EN 
: 4 : Sted OCR Aiea Me al a ae eee lai 4 ae ve in Parr a ’ 
ewad el SEF BOL aie. Tomol Biatomrried OL yitoate wis og haogee, ach aor 
SP RIGOR NEV Be eid eo g 
i 7 i E Shs i. ER RS r Sth 
BMaly OY ardbze .begu ere voemid "Slaamtt OL TOOL Me yeaE 
isi aa s Oyetaee- ry 
‘ o - i i oy if We eae Por 
e tN eR > mae Ow Bey ero: Mol Tae se feo AO 4. OAT EEEM 
mint SOM ag ah 2 Ny mi 4 a Ss {3 a ¢ Vv Flad Go ONS Sab a cae me Se a i re cs Beth eG. 
- nes ete ¥ o rn ed 
4 H i Ph ye v a tabs A ales 
GC TSeHwo iJ to anotememsb ond Yo vostwood. add stoay Jets SRO L Re Qe 
y 7 , i} i a ay ip he . a yeh st % i yi ¢ Bent ‘e' fy 
t j j 2 t mi ae fae | tg cariere c Gi mere eu wx} Vine a A  OVEUTE £4 blae-2 at Ne ¥o POLS a a Arf) Ch4 
bar oL nel ( O Skt Day ibe wen: Buese’ Ea ot te Dbewiedd ag ef 
u ei i Wey od Bik, i . ; = M4 
t a oa 4 ee te pits ae ot . 
cf, Crged-aaoto Lemprodat ite odtw, edpd saals beliaw solett uae 
’ Fit 3 hi my aL 1 ie A i mi , 
g mol @f bed ens ‘To drogaye sot eabel - .exetemiom Oo Steps 
? T a Ls “r tl <f 1 f . ey Yang ? f ei als es mp aly rte N yy , aa ¢ en sa orcone 
{ ‘ 1ai ' MiJO. Seng wv LW ie en 1 es Be f Fa FL OY ig a 
iuidw Selb ofeleorog Redetiotteq oat. .ooble oon hodcvemea 


-117- 


xa A Nn Be 
| ' i Ky Z 
\ : l cee a 
Gms i 
ott 
oy (b) 
ou oe Plunger 
& ag dluminum — 
> 
7a te 
(Gi Gad eae LY : Drill z inch 
glass 
tube pierens We 
BINGO PG REE: eas a iC Denbeloneh 
perceldin disc 7 | CNEIGIISS 
1.63 em. 
glass 
fube 7 
3 ‘ I 
te eo? 
70cm ‘ 
tH aed i 
aE d \ 
ae Rail 5 
“t ic Ao eg J 
ae 
i Ho (c) (d) 
b Ney | ‘ 
aes) Spacing Compactor 
ll Collars 


FIG. 22 = PERMEABILITY CELL AND COMPACTION APPARATUS 
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ledge is made from a "Coors" filter disc which is ground to fit the 
large tube. It is ground down to fit snuggly on the inner ledge, using 
glass grinding compound, and is cemented into place. 

The cell is connected to the right limb of the U-tube by a 
short connector made of two corks and a short section of glass tubing. 
To the top is fitted a stop cock which is connected through a glass 
tube to the left hand limb of the U-tube. The cell may be quickly 
detached from the apparatus. 

Compaction Apparatus: The powder bed is compacted into the 
cell with the metal plunger shown oa Figure 22 b. One filter paper disc 
is placed below the bed and another above the bed. The plunger is 
accurately made so that its sisuraer just touches the top of the cell 
when the bottom is resting on two pieces of filter paper placed upon 
the perforated disc in the cell. 

Depth of the powder bed is controlled by brass spacing collars 
placed on the plunger. These are accurately ground to lengths of 1.00 
centimeter, and 2.00 centimeters (Fig. 22 c). When the 1 centimeter 
collar is placed on the plunger the depth of the compacted bed will be 
1.00 centimeters with the two filter paper dises in place. Depths of 
1, 2 and 5 centimeters can therefore be produced accurately. 

A second method, used only if sufficient powder is not obtainable 
for a standard bed depth, is to measure the distance between the top 
of the tube and the plunger shoulder with vernier calipers. This 
involves additional calculations. 

In preparing the bed, a compactor designed by Gooden(44) was 
employed. This was used to press the powder into place and also was 


useful as a "policeman for scraping down clinging powder from the 
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Sides of the cell. It was constructed as shown in Figure 22 d by cutting 
a section from the side of a rubber cork of correct size, and inserting 
a spring handle of piano wire bent to the shape shown. 
Procedure: 

The standard procedure for making a specific surface determination 
is as follows: 

Bed Preparation: The cell is carefully weighed to 0.01 gram 
with the two filter paper discs. A rectangular piece of rubber sheet 
fitted around the cell prevents it from rolling on the balance pan. 
With the lower filter disc in place, powder is added to the cell in 
increments, pressing down each increment with the rubber compactor. 
Moderate pressure is used on the wire sprigs handle. Powder is added until 
it is just above the required depth. This depth may be conveniently 
indicated by a mark scribed on the side of the tube. Then the walls are 
scraped down and the top of the powder is levelled by holding the cell 
vertical and tapping it gently on the table. The levelled top should 
be slightly above the mark. The upper filter paper disc is then placed 
in the cell and pressed into place with the metal plunger. With the 
appropriate spacing collar on the plunger, a few taps of the cell on 
the table should be necessary to bring the shoulder and spacer into 
contact with the top of the tube. The right amount of powder is determined 
by trial and error, bee eae a bit of practice the correct amount can be 
judged the first time. 

The exact degree of porosity obtainable with a given sample 
varies, within a. certain range, depending on the pressure exerted on 


the plunger and the tapping required. When this range is known a 
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Simpler method is to weigh out the approximate amount of powder required, 
place it in the cell, compact by tapping, and finish off to the exact 
depth with the plunger. 

After the bed is prepared the cell is weighed and the weight of 
powder used is determined to 0.01 gram. 

Permeability Test: The cell is placed on the permeability 
apparatus and connected up, with the stop cock above the cell closed. 
The clamp on the intake side arm is loosened. The clamp on the 
indicator side is loosened,and suction is applied to the tube until the 
liquid level rises about 1 centimeter above the top indicator. Then 
both clamps are closed tightly. 

The stop cock is opened and the timer is started as the meniscus 
breaks from the top indicator tip. When the meniscus breaks from the 
lower indicator tip,the timer is stopped and Mil Cine, T, noted. 

Calculations: The porosity of the bed must be calculated from 
its dimensions, the density of the powder, and the weight of the 
powder. The formula used is: 


E =] = Wi 
qd, AL 


where W = the weight of powder, (grams) 
d,* the density of material, (grams per em.®) 
A = area of the cell, (cm.¢) 
L = depth of bed, (cm.) 
E = fractional porosity. 
This calculation is simplified by setting up an linen chart 
(Fig. 23) which gives the porosity for a bed of powder weighing w grams, 


and 1 centimeter in depth. This may be used directly for beds 1 
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centimeter in depth, but for beds of any other depth the woieht W 
must be divided by L to get w, before using the chart. 
Since the time T varies directly with the length of the bed L, 
all time values are converted to a common reference by calculating the 
time per unit depth of bed: 


+; Fine seconds 
12 


From the formula the time will vary approximately as the specific surface. 
Therefore the square root of t is calculated for tabulation and plotting. 
Tests on Reproducibility of Apparatus 

To test the reproducibility of the apparatus, a series of tests 
were made using Spherical Powder Fraction 56. For each test the powder 
was sampled, and compacted to a bed depth of 2 centimeters. The value 
of E was determined, and T measured on the apparatus. The time per unit 
bed depth, t, and /t were calculated. Tests were conducted over a 
period of 6 days at temperatures ranging from 20 deg. to 25 deg. C., and 
are listed in Table 9 in the order in which they were made. The results 
are plotted in Figure 24. 

In Tests 1 to 23, the samples were compacted by the standard 
method described above. In tests 24 to 30, compaction was by the 
Blaine method (46X47 ) , in which the weighed quantity of powder is placed 
in the cell and compacted with one push BP che plunger without tapping. 
Figure 24 shows that this pe cbeaais gives more erratic values than the 
standard compaction method. 

In Figure 24 the mean value for Jt at any porosity is 
indicated by the straight Tawar The mean deviation in ft from this 


line for all samples compacted by the standard method (excluding Tests 


24 to 30) is 0.031. The maximum deviation is 0.09. 
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Table 9 = Permeability Tests on Spherical Powder Fraction 3 


Deviation | Mean 


1 0.400 7.81 2 04 -0.5% 
2 0.410 56 7.48 00 

3 rejected, non uniform porosity 

4. error in timer reading 

5 0.404 60.5 7.15 204 / 40.5% 
6 0.408 57 7.52 Ol 

7 error in timer 

8 0.406 58.5 7.65 Atey2 | 

9 0.399 62010 7. 8e 03 | 
10 Ges) |) 62.5. | 7.80 02 
gl 0.385 69 B.on 00 | 
12 0.390 69.5 8.33 ~09 +1.1% 
13 0.399 62.5 7290 02 
14 0.395 64 8.00 . 04 -0.5% 
15 0.403 59 7.68 06 +0.8 
16 0.397 635.5 7.97 B02 
ag 0.392 66.5 8.17 02 

18 0.392 65.5 8.10 05 -0.6% 
19 0.432 44.5 6.68 Ol 
20 0.418 51.5 Ue 00 
21 Q. 407 57.0 7.55 . 05 
22 0. 408 57.5 7.59 00 
23 0. 408 66.0 7.48 09 =i 2 % 0.0381 
24 0.400 65.5 8.10 225 +341 

25 0.398 67 8.20 | 28 $3.4 
26 0.396 6205 | 7.5e 10 ane 

27 0.407 6407. 8.00 | 240 +5.0 
28 0.397 65.5 8.10 014 41.7 
29 7.65 oie 41.6 
30 7.81 00 ige.0 
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FIG. 2); - PERMEABILITY TESTS ON SPHERICAL FRACTION NO, 3 
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The standard deviation is 0.041 and the maximum allowable 
deviation computed by the method given by Tageart (61) is 0.09. 
The probable error computed by the approximate formula (60) is; 
0.051 x 0.8455 = 0.027 
Computed on a percentage basis, the probable reproducibility is 
from 0.4 to 0.55 per cent. over the range of porosities tested, while 
the maximum error varies from 1.5 to 1.0 per cent. 
Calculation of Experimental Error 
In order to determine the possible error in the results of 
permeability tests with the apparatus on a given powder, a calculation 
of experimental errors was made. 


From Rigden's equation it may be seen that 


t oc In hi/hoe xt E° 
do (l = %)? 


other factors being constant for a series of tests on a given material. 

The variable factors are the result of inaccuracy in 
determining the porosity of the bed, systematic errors in time measure- 
ment due to change of temperature, and errors in timing. 

The error in porosity is the result of an error in powder 
weight and an error in bed depth measurement, combined with the error 
in reading the porosity calculation chart. Assuming a weight of powder 
of approximately 2.50 grams for a depth of 1.0 centimeters,at a 
porosity of approximately 0.47, | 

Error in powder weight 0.001 em. = .05% 
Error in bed depth 0.005 cm. = .50% 
Error in weight per em. of packing= .55% or 0.013 gem. 


The resulting error in porosity from the chart assuming negligible 
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error in plotting is + .0025 or + 0.5%. The resulting error in the 
porosity function is therefore + 0.5%. 

Since the temperature was 22.5° C. 4+ 2.5°, this will cause 
an error in the volume and density of the manometer fluid, and the 
viscosity of the air. At 20°C. the coefficient of expansion of ethylene 
glycol is 0.5 x 10-3, The fluid volume in the apparatus is 340 ml. 
Therefore the change in volume for a temperature change of 2.5°C. will 
be 0.44 ml. The equilibrium level in the U-tube will vary 0.3 cm. 
causing a variation of 0.03 cm. in hy and hg. ‘he error in 1n hj/hg 
will then be + 0.0023 cm. or + 0.15%. For the same variation of 
temperature the density of the fluid will vary + 0.13%. The combined 
effect of variation in temperature on the mean pressure across the 
powder bed will then be 4 9.28%. 

With an increase in temperature of 5 degrees C. in this 
range the viscosity of air increases 3.0%. Therefore the viscosity of 
air, U, will vary + 1.5% for a temperature variation of + 2.5 degrees C. 

The error in timing the fall of the liquid is £ 0.5 seconds 
or + 1.0% for a 50 second run. 

Combining the results of errors in porosity mean pressure, 
viscosity of air, and time, the possible error in the value of "t" 
is + 0.5, + 0.28 +1.5 + 1.0 = + 3.3%. 

This is greater than the maximum error found in the tests 
on Spherical Fraction 3, Table 9, which was compacted by the standard 


method. This indicates some degree of compensation of error. 
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CALIBRATION CURVES FOR THR APPARATUS 

The six standard powder fractions were used to set up 
calibration curves for the apparatus covering a range of specific 
surfaces from 540 to 5000 for pyrex. However since the ultimate object 
was to use the apparatus on mineral powders, the variable factor of 
density of material was eliminated from the calibration by setting up 
the curves for volume-surface, Sy, in square centimeters per cubic 
centimeter of material. 

It was found that the porosity range obtainable with the 
pyrex spheres did not include the porosities obtainable with broken 
materials, so the range was extended using quartz powders. 

Curves for Glass Spheres 

Procedure: Permeability tests were run on Spherical Fraction 
3, as has been described above. By similar procedure permeability 
tests were run on each of the other five standard spherical powder 
fractions. With each powder the widest obtainable range of uniform 
porosities was tested. It was found that this range was very narrow 
for the coarse fractions regardless of the technique 6f compaction; 
and wds quite wide for fine fractions. 

The values of Vee obtained at each porosity are tabulated 
in Table 10, and are plotted in Figure 25. From this plotted data 
were derived the calibration values required for construction of the 
calibration curves. 

| A best fitting line is drawn for each fraction, which 
indicates the mean relationship between \/ t and B at the given surface 


value, and for the range of porosities shown. 
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fable 10 ~ Permeability Tests on Spherical Powders 


ey Porosit ; 
aE 


494 2/5 O05 
2478 12.67 
2474 13.00 
2461 13.55 
2455 W4on 
0448 14.6 
0437 15.4 
~436 15.5 
451 15.75 
2431 15.75 
423 16.1 
411 Leek 
404 17.35 
398 18.00 
~ 405 17.4 
- 405 TLS 
-410 L7.c 
550 8.55 
~535 9.74 
5 .418 | 11.6 .480 12.65 
. 425 2 2505 10.8 
436 10.9 
2437 10.8 
2444 10.3 
440 10.8 
eal 12.0 
0447 1024 
2434 10.6 
428 11.1 
425 a4 
.418 11.6 
2412 LLL | 
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square root of time (seconds) per centimeter of powder bed. 


aie oe 


Fraction 


Fraction 3 


Fraction 2° 


Fraction 1 
© Permeability tests 


+ Calibration points taken 
tourievece 


0.h0 Pome ons: 0.46 0.18 0.50 


F = fractional porosity of powder bed. 


FIG, 25 = PERMEABILITY DATA FOR CALIBRATION OF APPARATUS 
USING SPHERICAL PYREX POWDERS. | 
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With the exception of the line for Fraction 6, which must be 
slightly curved, the best fitting mean lines are straight. The probable 


error in the plotted mean values, computed as for Fraction 3, is given 


in Table li. 


Table 11 = Probable Error in Plotted Mean Values for 
Permeability Results on Spherical Fractions 
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1 . 030 . 026 0.6 
2 060 055 1.00 
3 031 027 0.34 
4, 076 064 0.70 
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Calibration values of \/t- and B are taken from the mean 
line for each fraction and are plotted on the Calibration Char& Figure 
26, against the appropriate value of S,. This gives a set of 
porosity=-time points for each fraction. Then points of equal porosity 
are joined by smooth curves. The resulting calibration curves. give 
the time for any given porosity and surface value. 

Also, if the porosity and time for any sample of powder has 
been determined by the apparatus, the surface of the powder, Sy, can be 
taken from the calibration curves. When S, is thus determined, the 
specific surface, S, of the powder, can be calculated by dividing S, 
by the material density. 

Since the porosity curves are plotted at 0.01 intervals, 


interpolation is necessary for porosities determined to thousandths. 
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Tests of Accuracy: As a check on the accuracy of the calibration 
curves and reproducibility of the apparatus, a composite sample was 
made up of Fraction 4 and Fraction 5, 50 per cent. by weight of each 


being thoroughly mixed. Two runs were made with the following results: 


Table 12 = Results of Surface Determinations on a 
Composite Spherical Powder. 


110 sec. 
108 
Average 
Calculated Value 1600 


Deviation Lies 


Theoretically, extrapolation of all lines in Figure 26 to 
zero time, should give zero surface at any porosity. If the curves are 
produced they do not pass through the origin, but intercept the Von 
ordinate. This intercept is approximately the filter paper correction, 
for the two pieces of filter paper. A test was carried out to determine 
the actual filter paper error which displaces the curves. 

Four time measurements were made on a standard 2 centimeter 
bed (S, = 5000) with results differing by less than 0.5 seconds and 
averaging 46 seconds. An additional filter paper was then pressed in 
place by the plunger, at the same time placing a filter paper spacing 
ring under the plunger shoulder so that the depth of the powder bed was 
not changed. Four time measurements were made then with results 


averaging 50 seconds. The correction in Tf for one filter paper equals 
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4 seconds, or a correction of 2 seconds int, the time for unit length 
of packing. Therefore the two filter papers used in the standard bed 
should give a paper correction of 4 seconds in any value of t. 
Subtraction of 4 seconds from the plotted values for t for Fractions 1 
and 2, gives curves which pass through the origin. The calibration 
curves must therefore be nearly correct. 
Extension of Porosity Range with Quartz Powders 

Preliminary attempts to use the sphere calibration curves for 
surface determination of angular material, were not satisfactory since 
the spherical curves do not cover the normal porosity range for packed 
powders of sized angular particles. Only in the case of the coarse 
fractions or unsized powders could the material be packed to a porosity 
low enough to fall on the spherical curves. Therefore extension of the 
porosity range covered by the curves was necessary. This was carried 
out and checked using quartz powders. 

Preparation of Quartz Powders: The quartz powders for use in 
calibrating the air permeability apparatus were prepared from Ottawa 
Sand, by grinding in a ball mill, cleaning with acid, and sizing in 
the elutriator. The crinding was done, dry, in a 12 inch laboratory 
ball mill using 10 kilograms of cast iron balls. The sand charge was 
400 grams. Time of grinding was 20 minutes. 


The mill product was screened with the following results: 


+ 100 mesh 0.5% 
+ 150 5.0 
+ 200 30.4 
=-200 64.1 


The -200 mesh product was treated by stirring for one hour 
with 50 per cent. hydrochloric acid to dissolve abraded mili iron. The 


mixture was then diluted with water and after 3 hours the dilute acid 
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was Siphoned off. The quartz powder was suction filtered in a 4 inch 
Buechner furmel, and washed repeatedly with tap water until tests of 
the filtrate with methyl orange showed no trace of acid. The clean 
quartz powder was then dried. 

Using a similar procedure, a 400 gram sample of Ottawa sand 
was ground 10 minutes, screened, and treated with acid to obtain a 
-200 mesh product. The screen analysis was: 


+65 mesh 7.2% 


+100 16.0 
+150 21.0 
+200 17.5 
-200 58.5 


Elutration of two 50 gram samples, designated Q II and Q ITI, 
from the cleaned 20 minute grind product, was carried out asing the 
Same apparatus and standard procedure as described above for glass 
Spheres. The quartz fractions were filtered in gooch crucibles, 
weighed, and dried. 

Two 20 gram samples of the 2O minute grind product, Q@ V and 
QVI, were elutriated to obtain two +7.2 micron, =-200 mesh, quartz 
powders. Tubes 1 and 4 were used with a flow rate of 16 millilitres 
per minute, and with elutriation procedure fe described for Stage 3 
for sphere elutriation. 

Two 20 gram samples, QIx and QX, from the 10 minute grind 
-200 mesh product, were also scalped by elutriation as for QV and QVI. 

The resulting quartz powders are tabulated in Table 13. 

Curves for Quartz Powders; Permeability tests were run on 
the quartz powders varying the range of porosity from the minimum 
obtainable to the highest possible uniform porosity. The standard 


method for compaction, as described for spherical powders, was used. 
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Table 15 = Results of Preparation of Quartz Powders for 
Calibration — 


| E Elutriation Powder 
Sample 


QV 20 min. +7.2 micron 
Q VE th +722 LA oe gait 
D 

= 

Q Ix 10 min. +722 £ 
24 

X n oe) it ~~ 


The density of the material was determined by specific 
gravity bottle on the coarsest fraction. The density, 2065 grams 
per cubic centimeter, was assumed for all fractions. Porosities were 
determined using the alignment chart, Figure 23. 

The range of porosities for the quartz powders and the 
measurements of ft made at each porosity are tabulated in Tables 
14 and 15. 

To obtain values for the calibration curves, the results 
from Table 14 were plotted as shown in Figure 27. A best fitting 


line was drawm for each powder. The value of Sy was determined for 
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Table 14 Permeability Tests on Quartz Powders Used for 


Calibration Curves 
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each powder from Figure 26, if the porosity range extended on to the 
Sphere curves. The additional porosity curves were plotted as shown 
using the time-porosity points from the plotted mean lines in eee 27.6 

The resulting calibration curves covered the range of 
porosities normally obtainable with the ground mineral products used in 
later experiments. 

Table 15 shows the reproducibility of the calibrated apparatus 
in determining the surface of six quartz fractions. The maximum 
deviation from the mean of any one sample is 4.7 per cent. with the 


greatest mean deviation being ¢.7 per cent. 


Table 15 - Surface De Determinations on ions on Quartz Fractions Fractions 


S., “from See Standard 
|Fraction| chart from mean % error |Deviation 


110 


4000 
5800 
5850 


mean of |3 tests 
mean of 4 tests 


mean of 4 tests 
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Extrapolation of Curves for High Surface Values 

It was discovered that the range of surface values covered was 
not high enough to include samples of ground materials whose specific 
surface was desired. 

Therefore extrapolation of the curves was undertaken to include, 
at least approximately, these high values. Since the rate of curvature 
of the curves at high porosities was unknown, the correlation of theory 
with the calibration curves in this region was attempted. 

The theoretical values were calculated from Rigden's equation, 
as corrected for slip by Lea and Nurse (52), Lea and Nurse show that 
for slip flow the rate of flow in the Kozeny type of equation must be 


multiplied by ea correction factor: 
G1 +. 8d). (1 Baa X 
E 


as explained in the section covering theory. 
The Rigden equation then becomes 


Seam ke. £ (Gt Le ace 


and f(—) is the porosity function = ES ‘ 
: (I -E)¢ 


Theoretical time values for porosities of 0.40, 0.44, 0.50, 
0.54, and 0.60, were calculated using this formula transposed into 
the form 
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A sample calculation is shown as Appendix II. The calculated time values 
for specific surfaces from 500 to 4000 for pyrex glass, are shown in 
Table 16, The calculated data with the corresponding calibration curves 
are plotted in Figure 28. In plotting the theoretical data, the values 


for \/t were recalculated to include the filter paper correction by the 


a) 7 Din wn 
vt Wtineoretieal)  * 4 


to bring theoretical and experimental values to a comparative basis. 


formula 


It may be seen from Figure 28 that the calculated values agree 
very closely with experimental values for porosities 0.54 and 0.60. The 
theoretical curve for E = 0.60 was therefore plotted on the calibration 
chart, Figure 26, as a basis for extrapolation to Sy of 8920. The 
experimental values for quartz frection Q 20, Figure 27, were plotted 
on this base to obtain other points on lower porosity curves. 

From the permeability test at E = .60 and the theoretical curve 
for E = .60,S, for @ 20 is 8400. Points for porosities from 0.60 to 0.52 
were plotted as shown and the calivaiiven curves previously obtained 
with quartz fractions were produced to pass through these new points. 

An indication that the assumption of the E = 0.60 curve is 
justified is obtained when calculated points for E = 0.54 are plotted 
on Figure 26. These fell almost exactly on the calibration curve for 
0.54 as extrapolated. Also as shown in Table 15, four surface 
determinations on Q 17, using these curves, had a mean deviation of only 
0.65 per cent. 

From the above it would appear that the theoretical calculation 
is reasonably accurate for even higher surface values at porosities around 


0.60. A permeability test was therefore run on Q@ 18 and the surface 


calculated by the modified equation as 14,500 sq. cm. per cubic centimeter 


or a specific surface of 5500. This calculation is shown in Appendix III. 
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Table 16. Time -Porosity Values Calculated from Theory 


__Values of Vt _ 


oe re 


Porosity 
Sj = 
500 4.04 50 
1000 7.92 5-96 
1500 11.60 8.80 
2000 15.15 11.42 


Tests on Composite Quartz Samples 

Tests were run on two composite samples, made up of quartz 
fractions, to determine the accuracy of the air permeability method 
on heterodisperse samples. 

For the first composite, Compo II, 2.000 grams each of 
Q 135 and @ 15 were mixed thoroughly. Permeability tests were run 
and the specific surface determined. 

For the second composite, Compo III, 2.000 grams of Q 20 was 
added to Compo II, so that the final result contained one-third of 
each fraction. 

The results are given in Table 17, which shows the maximum 
difference between the calculated and measured specific surfaces of 


the composites to be 2.4 per cent. 
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Table 17 - Tests on Composite Quartz Samples 


Composite |—_— Components Specific Surface 


Fraction acim Calculated|Measured 


II Q 1197 1210 1.1% 
Q 15 1660 


EEL Q 13 
Q 15 5509 1660 
Q 20 3500 5190 1854 1810 24% 
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ACCURACY OF THE CALIBRATED APPARATUS 
The error involved in surface determinations made by the 

calibrated apparatus is the combined error inherent in the calibration 
curves and permeability tests. 
Accuracy of the Calibration Curves 

Curves for Spheres: The accuracy of the calibration curves for 
Spheres is dependent upon the accuracy of the standard, the accuracy of 
the plotted curves, and the errors in interpolation. 

As shown previously the sur face standards can be taken as accurate 
‘within 2 per cent. The probable error in the calibration permeability 
values has been shown to be 1.0 per cent. (see Table 12). The calibration 


pure 26, may 


Qo 


points for spheres as plotted on the Calibration Chart, Fi 
therefore be taken as having a probable error of 5 per cent. Interpolation 
errors in drawing the curves will not exceed 0.15, or 1.0 per cent. in 

the value of \/t , even for specific surfaces of 5000. Therefore the 


curves for spheres may be taken as accurate within 4 per cent. 
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Curves for Angular Materials: Since the probable error in the 
mean calibration values taken from the results of the permeability tests 
on any quartz fraction, as in Figure 27, is 1.0 per cent., and since the 
Quartz curves are based upon the sphere curves, the probable error in 
the quartz curves is 5 per cent. 

The error in the theoretically extrapolated curves for high 
Specific surfaces is indeterminate, since the validity of the equation 
is not proven, but will not exceed the error in experimental curves by 
more than 1 per cent., since the theoretical curves agree within 1 per 
cent. with the experimental curves within the porosity ranges and Sy 
values tested. 
Error in Permeability Tests 

For Spherical Powders: The error in reproducibility of individual 
permeability tests must be added to the Calibration Curve error to 
arrive at the final error in a specific surface determination. The 
reproducibility of tests on spherical powders has been shown to be 1 
per cent. (Table 12). Added to the 4 per cent. error in the curves 
this Maes 6 final probable error of 5 per cent. 

For Angular Powders: The probable error in permeability tests on 
Quartz Fraction Q 14 is 2.3 per cent., as shown in Table 15. This 
error is reduced to 1.86 per cent. when 8 tests are made, as for @ VI. 
An error of 2.5 per cent. in: reproducibility, when added to the error 
in the curves, gives a probable error of 7.5 per cent. in the specific 
surface determinations made on angular powders. 

The higher cerer. in the case of angular particles, is due 


to the dependence of the curves for angular materials mpon the sphere 
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curves, plus the additional error due to the greater difficulty of 
obtaining reproducible compaction of the angular particles. 

The error in reproducibility may be reduced by repeated 
tests on the same sample, as for Q VI. 

SUMMARY 

The air-permeability apparatus as calibrated by the above 
procedure has a probable error of 7.5 per cent. when used for 
determination of the specific surface of natural powdered minerals. 
When tests are made on vowders which are too fine to give data which 
falls upon the experimentally determined curves, the theoretical 
calculation by the a eaapiog Rigden equation should be reasonably 
accurate. 

The accuracy of the method when used on heterodisperse 
powders is approximately the same as when used on sized fractions, 
Since no greater error was found on unsized products, such as Q Vi, 
than on sized fractions such as Q 14 (Table 15). The measured 
surfaces of the quartz composite samples checked with the calculated 
surfaces within 2.4 per cent. (Table 17). 

The good agreement of the theoretical curves with the 
calibration curves in Figure 28 would seem to indicate that, for the 
porosity range 0.50 to 0.60, the tedious calibration procedure may 
be omitted with Little loss in accuracye As shown in Tables 14 and 
15 uniform compaction can be readily obtained within this range for 
all quartz samples. Therefore curves can be set up from theory which 
should be satisfactory for all angular materials. Calibration against 


standard powders will still be necessary for lower porosities. 


AK 
teri seni 
As ea 


ad ee 


6 


Ki 


vail 


det 


ra 


on 
Wye ap il 


ane 
PTY ie 


- 146 - 

SIZE-SURFACE MEASUREMENTS ON PURE MINERALS 

The second phase of the experimental investigations involved 
the correlation of measurement by the calibrated air-permeability 
apparatus with a standardized elutriation procedure, so that the 
distribution of surface within a -200 mesh product could be evaluated. 

Accordingly investigations were carried out to determine 
the reproducibility of the elutriation-surface measurements, and to 


obtain standard calibration data for a number of pure minerals. 


SIZE SURFACE MEASUREMENTS ON QUART4Z POWDERS 

The data obtained on the quartz powders used in the 
permeability apparatus calibration, was combined with the results of 
additional tests on quartz powders in order to determine the reproduc- 
ibility of size-surface measurements. 

Procedure 
Rlutriation of Quartz Fractions: The quartz fractions from QI, QII, 
QVI, QIX, and QX, were prepared as previously described (Table 13). 

Additional quartz fractions were prepared from both grinds 
of the Ottawa sand by elutriation. 

The elutriation procedure was modified to eliminate Stage I 
of the standard sphere procedure. Arrival of Tube 5 (Table 1) made 
this possible. The modified procedure is shown in Table 18. 

Stage I: Dispersal of the initial 50 gram sample is as for 
the first stage of sphere elutriation. In order to allow for the 
length of Tube 5, the time of run is extended to a 1/2 hours. The 
sides of Tubes 4 and 5 must be tapped to dislodge fines. In all other 


respects the procedure is as for the second stage of sphere elutriation. 
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Stage II: Elutriation of the overflow product from Stage I 
is carried out exactly as for the third stage of sphere elutriation, 


at a flow rate of 16 millilitres per minute, and using Tubes 1 and 4. 
All fractions are filtered, dried, and weighed. 
Table 18 = Modified Procedure for Quartz Blutriation 


Stage | Fraction Flow Rate eubs Nominal Size of Glass 
| | Cal. pen min. )) |) _ | Spheres (microns 


I 1 175 1 | + 44,1 
2 2 | + 55.7 
3 . | 4 £25 of 
4 | 5 +) Sse 
“au o 16 7 + 13.2 
6 | 4 ROY OL 
7 ohio, || = -"s2 
nO CS ST ES So 


Surface Determinations: Surface determinations were made on each 
Quartz fraction by the standard procedure using the calibrated 
air-permeability apparatus. Two tests at different porosities were 
run on each fraction. If the surface results agreed within 5 per 
cent., the mean was taken as the most probable value. Occasionally an 
erratic result was obtained, usually traceable to some error in 
compaction technique or calculation. A third test always checked 
within 5 per cent. with one of the first tests. Specific surface was 
calculated from the average value of Sy. 

Tests and Results 
The results of the size-surface measurements on quartz powders 


are given in Tables 19 and 20. 
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Table 19. = Size-Surface Measurements on Quartz 
Ottawa Sand, 20 minute grind 


~ 
J 
S Surface|of total De 
| _|(Sq.om.)| surface|microns 


Sample Fractim| Product] Wt. % 


\ 
| 


Ql 1 Q 780 252 14.1 24.0 
2 oes) 1170 159 9.7 19.4 
5 etal 1660 245 14.8 IOI 
4 Q 12 2240 122 7.4 1s 
5 Q 2980 282 17.2 7.6 
6 Q 5500 605 56.8 4.1 
Combined 1641 15.9 
algal 1 Q WAS 51.8 
é Q 9.6 19.2 
i) Q 14.5 Pome 
S Q 7.4 TOs 
3) Q 19.5 oil 
§ | Q 56.98 4,1 
Combined eyo al 
@ ir | 1 | Q 23 | 28.5 740 NE al) 30.5 
2 2 24 14.38 ALAS) 168 TO. 19.4 
3 (Maal) 1S. 1620 | 245 14.7 W562) 
4, Q 26 14 si 2506 | 518 JERS Ae Sail 
5 G 28 4.) 5500. | 143 Se 6.9 
6 @29 | 10.5 | 3500 bs0. | $4.8 ae 
Combined 85.8 1665 a6 
Fraction De 
50.4 
19.3 
TSe7 
era: 
704 
4.1 
Q VI |Unsized. 13.4 


+ Fraction 6 
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Table 20. = Size Surface Measurements on Quartz 
Ottawa Sand. 10 minute grind 


Sample Q VII 


ec epic A ct Is GP TSIEN 


Fraction| Product| wt. % | §& De 
nantes ie microns — 
af Q 32 52.5 680 53.2 
2 Ye) WS 
3 34 1Os2 (some sample lost 
4. 35 ee in charging) 
5 42 4,0 
6 4.3 Ded 
Combined cece 
Sample @ VIII 
Fraction| Product| Wt. % | % Cun. | s Surface |% of De 
SQ. cm. {total microns 
‘oll . surface 
1 55.3 578 26.4 S502 
2 66.5 1260 141 | 9.8 17-9 
3 Tlee 1640 176 | Ze o 15.8 
4 85.0 2480 196 | 13.5 | oink 
5 90.0 5650 183 12.8 6.2 
6 96.0 6000 | 360 | 26.2 | 348 


Q III is a sample of -200 mesh clean quartz from the 20 minute 


grind Ottawa Sand, elutriated by the modified procedure. 

Q@ VII and VIII are 50 gram semples of the 10 minute grind 
Ottawa Sand product, elutriated by the modified procedure. 

From the size distribution data and the specific surface of 
the fractions, the specific surface of a1l1 the material in each powder 


coarser than Fraction 7 was computed as shown. The distribution of the 


surface within this size range was also calculated for each sample. 
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The mean equivalent surface diameter, De for each fraction, 
and for each sample, is computed by the formula: 


De = 60,000 
d, S 


where S is the specific surface 
and dj, is the density of the material = 2.65 gm. per om.? 
Discussion of Results 

Quartz samples I and II were run under identical conditions so 
an evaluation can be made of the reproducibility of the specific surface 
of the similar fractions from Table 19. The greatest difference is in 
Fraction 1, as Q@ 9 and Q 13 differ by 8.5 per cent. Since the probable 
error in surface determination is 7.5 per cent., this gives an error 
of only 1.2 per cent. directly attributable to reproducibility of the 
elutriation. The size distributions of the two samples agree very 
closely, as do the surface distributions. 

Similar comparison with @ III is only possible for Fractions 1, 
2,0, and 6, since Fractions 4 and 5 were obtained by the modified 
procedure using Tube 5. Agein the agreement is good. 

The specific surface as calculated for the combined Fractions 
i te 6, for @ 1, @ Ii,.and Q@ Lil, should’ be the same. Also this 
computed specific surface should check with the measured specific 
surface of Q VI. These specific surfaces all agree within 45 per cent., 

error 

which is well within the probable/of 7.6 per cent. 

Quartz samples Q VII and @ VIII, Table 20, also show good 
agreement in the specific surface of similar fractions. Comparison of 
the size distribution is only approximate, since some sample was lost 


in charging @ VII due to a connection failure. 
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The calculated specific surface for Q VIII differs from the 
average measured surface of Q IX and Q X by only 2.4 per cent. 

A comparison of the specific surfaces of Q@ III and Q VIII, both 
elutriated by the same procedure, shows the effect of the fineness of 
grind on the reproducibility of the surface of equivalent fractions. 

Q IIT is from a 20 minute grind, -64 per cent. -200 mesh; Q VIII is from 
a 10 minute grind, 38.35 per cent. -200 mesh. Similar fractions differ 
in specific surface by 8.6 per cent. This difference is not any greater 
than that occurring between Q I and Q II on the same grind. 

From the results of these tests, it seems that the time of 
grind from which the sample was taken, and the size distribution within 
the fraction, have very little effect on the specific surface of an 
elutriation fraction of the standard elutriation. The reproducibility 
of the standard elutriation is very good, the maximum error of 8.6 per 
cent. being mainly attributable to inaccuracy in surface determination. 

Therefore standard surface values, determined for the standard 
elutriator fractions of a pure mineral, are sufficiently accurate to 
apply to a standard elutriation analysis without rumning individual 
surfece determinations. 

Also the size distribution of the product expressed in equivalent 
surface diameters can be determined. The size distributions for the 
-200 mesh products of the two grinds on Ottawa Sand are shown in Figure 29. 
The size distribution of a -200 mesh Cariboo Gold quartz product, obtained 
in later testson ore minerals (Table 22), is also plotted for comparison. 

Photomicrographs of Fractions 1 to 6 from Q II are shown in 
Figure 30. Surface measurement values for De are given for comparison 


with the linear dimensions. It may be seen that the linear dimensions 
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Fraction 1 Fraction 2 
De 51.6 microns D, 19.2 microns 


Fraction 3 Fraction 4 
13.6 microns De LOe1 mae rons 


Fraction 5 Fraction 6 
De 7.1 microns D, 4.1 microns 


beseale division  lS.7 microns 
De= equivalent surface diameter 


FIG. 30 - PHOTOMICROGRAPHS OF QUARTZ FRACTIONS 
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differ considerably from the value of De due to the flaky shape of 


the particles. 


STANDARD PROCEDURE FOR PURE MINERALS 

It was apparent from the above experiments on quartz powders 
thet a standard elutriation procedure could be calibrated, by use of 
the air permeability apparatus, to give a reasonably accurate 
determination of specific surface and size distribution. Therefore 
experiments were carried out to determine the calibration values for 
a number of pure minerals. 

The elutriation apparatus as described above required modi- 
fication to obtain a closer sizing of the coarser material with 
minerals of high specific gravity. Only one stage of elutriation was 
carried out on heavy minerals, since the finest fractions obtainable 
by the modified procedure were beyond the limits of the calibration 
curves. The procedure finelly standardized involves standard 
elutriation of a -200 mesh product and surface determination on the 
standard fractions. 

Standard Rlutriation 


The standard procedure is as shown in Table 21. 


Table 21. = Standard Elutriation Procedure for Fure Minerals 


stage | Fraction Flow Rate  [rube Average Velocity Nominal Size of Glass 
oe ml. per min. (cm. per min.) Spheres (microns) 
+205.0 
+ 69.1 
+ 44.1 
+ 53.7 
tiao~ T 
+ Lac 


5 16 1 0.702 
6 4 0.204 
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The apparatus which was used is that shown in Figure 8. 

The supply system, flow regulator, charging apparatus, end flow 
measurement apparatus, are as used for glass spheres and quartz. 

The elutriator tubes are six in number; straight tubes A 
and B, and separatory tubes 1, 2, 4 and 5. The dimensions and 
characteristics of these tubes are as given in Table l. Plow in the 
straight tubes verges on turbulent, so the calculated limiting dimmeter 
for glass spheres is only approximate. 

Stage II is not run on the heavy Hinera les but is used for 
the lighter minerals. Weight of sample is varied depending on the 
specific gravity of the mineral, to avoid crowding in Tube A, and to 
give fractions large enough for surface determination. 

Charging procedure must be carried out precisely as detailed 
in Steps (a) to (n) for Stage II of sphere elutriation. Otherwise 
rapidesettling heavy material will block the charger, or crowding will 
occur in Tubes A and B. 

At the end of the run all tubes are drained, and the fractions 
are filtered, washed with alcohol, dried, and weighed. 

Surface Determination 

Surface determination is carried out as described for quartz 
powders, using the calibrated air permeability apparatus. If the 
size of sample is too small to use a standard bed depth, the depth 
must be measured after compaction with the vernier calipers , and 't' 
and ‘w' calculated. The alignment chart, Figure 31, is used to 


calculate porosity. 
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TESTS ON PURE MINERALS 

Tests were carried out to determine the standard surface 
values of the standardized elutriation fractions on ground quartz, 
pyrex, pyrite, cassiterite, and galena. 
Quartz 

A hand picked sample of white rock quartz from Cariboo Gold 
Quartz ore was ground in the laboratory ball mill by the same 
procedure as was used for the Ottawa Sand. Time of grind was 20 


minutes and the screen analysis of the product was; 


Mesh Weight per cent. 
65 1 
+ 100 1 
+150 4 
+200 13 
-200 81 


The -200 mesh product was cleaned with hydrochloric acid, washed, 
and dried, as for the Ottawa Sand products. 

A 50 gram sample, Q XI, was elutriated using the modified 
Quartz elutriation procedure in Table 18. A 50 gram sample, Q XIII, 
was elutriated by the Standard Mineral Hlutriation procedure in 
Table 21. Surface determinations were made on the quartz fractions. 
The results are given in Table cz. 

The results check closely with the results of elutriation 
on Ottawa Sand cee in Tables 19 and 20, with the difference that 
the coarse fraction is split in Q XIII, into Fractions B and l. 

The values for Q XIII may be taken as the calibration values 


for the standard elutriation fractions on this type of quartz. 
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Table 22. = Surface-Size of Standard Blutriation Fractions 
Cariboo Gold Quartz 


ode CMe 
Q XI Q 46 : 


1 
é 4.7 
3 48 
4 
os) Q 
6 Q 
Combined 
Cy a aE A mal = ~ - ~- = 
B Q 53 8.1 Sie 452 37 50sec 
1 | Q 54 25 61 51.8 750 173 | Slice 
2 G55 We 6 44.0 1150 138 20.0 
3 C56 14.2 Boies 1570 220 | 14.4 
4 OST, 135.4 (heals) 2540 513 Sheil 
5) Q 59 bisa 76.8 5560 175 6.7 
6 @ 60 WOT Sie 5 5600 nin, BOO 4.1 
Combined 87.5 | 1659 1659 13.6 
ERE EA SNE 


Ground Pyrex Glass 

Two 40 gram samples of the ground pyrex powder used for sphere 
preparation, were elutriated by Stages I and II, with the results as 
given in Table 23. The overflow product from Stage I for each sample 
was very small, so both overflows were combined for Stage II to obtain 
Fractions G 16 and G 1’. 
Pyrite 

A hand picked sample of crystalline pyrite from Cariboo Gold 
Quartz Ore was crushed in a steel mortar to -28 mesh, and ground to 


pass 100 mesh in a Braun Pulverizer. The screen analysis of the product 


Was: 
Mesh Weight (grams ) Weight % 
+ 100 0 0 
+ 150 0.9 0.26 
+ 200 10.0 5.24 
— 200 180.7 94.5 
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Table 23. = Surface Size of Standard Blutriation Fractions 


Ground Pyrex Glass 


oe eee en nee 


Fraction Product 


Average 


The specific gravity determined on crystalline material was 
4.95. 

A 50 gram pilot sample, P I, was elutriated to determine 
the operating technique. Tapping of the large tubes was necessary 
every 15 minutes. 

Two 50 gram samples of the -200 mesh pyrite, P II and P III, 
were gluta eted by Stage I only, with the results given in 


Table 24. 
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Table 24. = Surface-Size of Standard Rlutriation Fractions 


Fynite . - 


Fraction Product % Wt. 


12 1 
13 45 
14 16 
) 8. 
10 ] 
aE 1 


Inciting): taojelac} tanita, 


Average 


Galena; 


Hand picked, galena crystals, over one-eighth inch in 


diameter, were fround in a mortar to pass 65 mesh. The screen analysis 
ve 


“ 


of the product was:- 


Mesh Weight (grams ) Weight % 
t LOO 95 20 
+150 b8 8 
+ 200 52 15 
oe eS) 227 56 


The specific gravity, determined on crystals, was 7.900. 
Two 80 gram samples of the 200 mesh galena, L I and L II, were 


elutriated, by Stage I ohly, to obtain the results in Table OSs 


The specific surface of Fraction 4 was obtained by theoretical 


calculation. 
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Table 25. = Surface-size of Standard Elutriation Fractions 


Galena 


Le || A IL. 4 
B 435.5 
1 13.9 
2 6.5 
re) 
a 
Lyv2 A 
B 
| 1 
2 
) 
| A 
Average A 
B 
i 
| (3 
3 
4 
Cassiterite 


Two 80 gram samples of a -200 mesh cassiterite table 
concentrate were elutriated by Stage I to obtain the results in Table 
26. Microscopic analysis of the fractions showed Fractions A, B, 
and 1 were 99 per cent. cassiterite, the specific gravity being 
determined as 7.00 by specific gravity bottle. Fractions 2, 5, and 


4 showed impurities of heavy sulfides and garnet so were discarded. 
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Table 26. = Surface-size of Standard Elutriation Fractions 


us Case we miuels ! 

Sample Fraction Product % Wt. S De 
€ I 218 59.4 
287 298 

690 12.4 

21% 40.5 

284 50.0 

720 ies 

Average 215 40.0 
286 2969 


Discussion of Results 

For each mineral the specific surface values, for the fractions 
obtained as products of the separatory tubes, check within the limits 
of 8.6 per cent. as determined for quartz. The difference between the 
fractions obtained in the straight tubes is as large as 15 per cent. 
(for pyrite). This is to be expected due to the turbulent conditions 
in the tubes and the greater error inherent in the surface determination 
with very coarse powders. However, the error in the coarse fractions 
is not serious, since only a small percentage of the total surface of 
the powder is involved. 

The percentage weight retained by Tube A was small, even with 
the heavy minerals, indicating that a larger tube should be used if 


sizing of pyrite and quartz powders above the average equivalent surface 
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diameter of 40 microns is desired. Again only a small percentage of 
the total surface is involved. 

The procedure for elutriation is very satisfactory for the 
purpose. The reproducibility is shown for quartz samples in Tables 19 
and 20, and for pure minerals in Tables 22 to 26. The deviation in 
weight for any pair of similar fractions is in almost all cases less 
than 1.5 per cent. 

The values of the equivalent spherical diameter, De, are 
computed from the results for each fraction. This provides a means 
for obtaining a size distribution for each mineral powder. However, 
the size is based on surface, not on linear dimensions. 

The standard specific surface values for the elutriator 
fractions, for all the pure minerals tested, are summarized in Table 27. 

The specific surfaces of the equivalent spherical fractions are 
Daligsea! 

Since specific surface involves the factor of specific 
gravity, the size of the mineral particles in corresponding fractions 
can be better compared on the basis of average equivalent surface 
diameter, Dee Values of Dy are summarized in Table 28 and shown 
graphically in Figure 3c. 

An idea of the actual particle shapes and sizes can be gained 
from the photomicrographs of the mineral fractions in Figures 50 and 36d. 
The shape of the quartz particles in Figure 30 appears to change as 
the size becomes smaller. In Figure 33 the cassiterite sample shown 


is Fraction 1. All other photomicrographs are of Fraction 2. The 
apparent difference in the size of the pyrex powder particles and the 


pyrex spheres is due to the flaky shape. The cubical tendency of the 


galena particles is apparent. 
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Table 27. - Specific Surface of Standard Elutriation 
Fraction of Pure Minerals 


Standard | Pyrex Pyrex Quartz 
Fraction||Spheres | Powder |_ 


od 


tem 


Pyrite Galens, 


129 215 
| 550 452 570 251 286 
o40* 750 730 740 545 605 
760 1115 11350 PTO 787 
1000 1540 1570 1550 1200 
1290%* 2260 | 2540 2500 2400 
1710* 2940 3560 


2660 4200 9600 


* not run under mineral standard conditions. 


Table 28. = Hquivalent Surface Diameters for Standard 
Blutriation Fractions of Pure Minerals 


e "De (microns) : 
Pyrex 
Powder 


Kverace 707 
iBtandard|Elutria-| Pyrex 
Fractiojtion Vel) Spheres 


Quartz | Pyrite | Galene |Cassiterite 


jom./min. 

A 168 

B 19.2 = 

il [ nreG7 50.0 

é | 4.56 55.4 

5) Zieao 26.9 

a 0.990 | 18.0**| 11.9 9.7 4.9 
20.9% 

5 0.702 15.7 9.2 6.1 

6 | 0.204 | 10.5 | 6.9 4.1 


** Prom Fig. 32 for 0.99 cm. per min. 
* elutriation velocity 1.45 cm. per min. 
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Pyrex Spheres Ground Pyrex 
Fraction 2 Ds 35.9 Fraction’ 2°. De 2304 


Quartz Pyrite 
Frection 2 De Eo oe 


Galena Cassiterite 
Fraction 2 De IO) 2 | Fraction 1 De Voie, 


ivseale division: V5.7 microns 
De = equivalent surface diameter (microns) 


FIG. 33 - PHOTOMICROGRAPHS OF MINERAL FRACTIONS 
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Exception may be taken to the method of grinding for pyrite 
and galena. The method used was dictated by the small amount of pure 
crystalline material available. The shape of the particles would 
probably vary from that in products prepared by ball mill grinding. 
However there is no reason to expect that the accuracy of the standard 
procedure would vary for minerals ground by any other method although 


actual calibration values would vary. 


APPLICATION TO A HETEROGENEOUS PONDER 
As a preliminary to sppldeetion of the surface calibrated 

elutriation procedure to ot sneseueaus ores, tests were carried out 
on synthetic samples made up from pure quartz and pyrite fractions. 
Surface Measurements on Heterogeneous Samples 

The first investigation was to confirm the applicability of 
the calibrated air-permeability surface determination to heterogenous 
mixtures of quartz and ae 

Four binary mixtures were made up from quartz and pyrite 
fractions of known specific surface. Each mixture contained 2.000 
grams of the equivalent standard fraction of each pure mineral. The 
composition of each composite sample is given in Table 29. 

The specific gravity of the 50 per cent. pyrite mixtures is 
3-44, as computed at Appendix IV. 

A&A surface determination was made on each mixture. The agres- 
ment between the calculated and measured specific surface is shown in 
Table 29. The maximum difference of 5.1 per cent. is well within the 


probable error of 7.5 per cent. discussed previously. 
Therefore the calibrated air-=permeability apparatus is as 


accurate on binary mixtures as on pure minerals. 
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Table 29. = Surface Determinations on Pyrite - Quartz Composites 
Composite Specific Surface 


Cal- Measured| Difference 
culated 


740 780 
122 hae) 
1565 1620 


2470 2400 
Size-Surface Measurements on Heterogeneous Mixtures 

The second investigation was to determine the accuracy of the 
slutriation- surface determination procedure on a ete epee 
composite sample. 

The head sample was made up of the four pyrite quartz mixtures 
whose surface was measured in the previous investigation. Its 
composition and calculated specific surface are given in Table 50. 

Elutriation was carried out by the standard procedure with 
the results as shown in Table 30. The specific surface of Fractions as 
2, 5, and 4 was measured by the air permeability apparatus. The 
specific gravity of sach fraction was assumed to be 5.44. 

The Eecei rie surface of the composite was recalculated using 
the elutriation results. A small fraction of material was found to 
overlap the range of head sample fractions at both ends. Standard 
surface values for Fractions B and 5 were assigned to this material 


from Table 27. The recalculeted specific surface checked within 3 per 


cent. with the calculated specific surface for the head sample. 
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Although the weight distribution in the fine and coarse 
elutriation products varied about 5 per cent. from the weight 
distribution of the head sample, the procedure is sufficiently reproduc- 
ible for any practical use. 

See 

It would seem, from the preliminary work on heterogeneous 
mixtures, that the surface determination procedure, using the air-~ 
permeability apparatus or the calibrated elutriation surface determination 
procedure, can be applied successfully to simple heterogeneous ores. 

Additional procedure would be necessary for determining the 
mineral composition of the elutriator products, so that specific density 
could be calculated and the standard surface values applied correctly. 
In most cases a chemical analysis for the key metal constituents would 
provide data from which the mineral composition could be calculated. 
This would be possible if the minerals were of definite composition 
such as the common sulfides, but would not be practicable if the 
minerals were mainly oxidation products or other minerals of variable 
composition. Direct determination of specific gravity of each 
product by physical methods would enable the specific surface to be 


measured by the air=-permeability apparatus. 


SUMMARY 
The air=-permeability apparatus may be used on any dry 
surface 
mineral powder to determine the specific,directly. The result is 


not affected significantly by the size distribution of the powder or 


the number of mineral components. 
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For size-surface analysis the elutriation procedure, with 
the specific surface of the elutriator fractions previously established 
by air-permeability, is applicable to all homogeneous mineral powders. 

Application of the air-permeability method to heterogeneous 
mineral powders is dependent upon the accurate determination of 
Specific gravity. In order to apply the elutriation procedure to these 
powders the mineral composition must be determined for each fraction. 

Although the results on two different grinds of quartz 
(38.3 and 64.1 per cent. minus 200 mesh) show no significant difference 
in the specific surface of equivalent standard fractions, it is 
possible that different grinding machines, charges, or critical speeds, 
may produce materials with a great enough difference in shepe to 
cause a difference in the standard surface values. Therefore the 
values in Tables 27 and 28 may be considered as standard only for 
the conditions given. For any other grinding procedure, standard 
values should be determined by use of the air=permeability apparetus 
on each elutriator fraction. These stancard values should then be 


applicable to the elutriator fractions from any subsequent mill product. 


CONCLUSIONS 
The U-tube type air=-permeability apparatus may be used with 
reasonable accuracy to determine the specific surface of mineral 
dressing products. If calibrated against powders of known specific 
surface the porosity range is limited only by the requirements of 
uniform compaction. However the theoretical calculation of specific 
surface by the Modified Rigden Equation is in close agreement with 


calibration results for porosities between 0.50 and 0.60, which are 


7 we . aboour Dae 
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readily obtained with all angular materials tested. Therefore 
calibration curves may be set up from theoretical calculations, 
corrected for filter paper error, for routine specific surface 
determination. 

The air=-permeability apparatus may be used on any dry material 
to determine the specific surface directly. The result is not 
affected significantly by the size-distribution of the powder or the 
number of mineral components. The apparatus is simple to construct, 
portable and easily operated. The only special technique required 
is that necessary for preparation of a uniformly compacted powder bed 
in the permeability cell. A complete test can be made in less than 
10 minutes if calibration charts are available. 

The air permeability apparatus may also be used to determine 
the distribution of surface within a mineral powder. The powder must 
first be elutriated to obtain a set of fractions whose weight 
distribution is eee 1g then the surface of each fraction is 
measured by the air-permeability apparatus,a surface distribution is 
obtained,which can be converted if desired into an equivalent surface 
size distribution. 

However if the elutriation procedure is standardized, the 
specific surface and equivalent surface diameter,as determined for a 
pure mineral for any elutriator fraction,can be taken as standard. 
Once this calibration is made,only elutriation and application of the 
standard values are required to obtain a surface or size analysis. 

Although the method of elutriation used in the investigation 
was very satisfactory there is no reason why an equally reproducible 


elutriation method cannot be used. Air elutriators, such as the 
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Haultain infrasizer, may even be preferable since they yield dry 
products. 

The standard surface and sphericel-diameter values must be 
determined on the pure minerals for a given ore. Since at the present 
time the effect of grinding procedure on the shape of particles is not 
determinable, the standard surface tests should be made on the products 
of each grinding method. Once determined for a given method they will 
be usable regardless of operational changes. In dealing with 
heterogeneous ores the pure minerals could be recovered from the mill 
preduct by selective flotation or heavy-media separation. 

Although the size-surface analysis procedure must be 
further developed for use on heterogeneous ores, its application to 
two or three component ores should be simple. It is possible that it 
cannot be fully applied successfully to highly complex ores containing 
minerals of variable composition. However the method can be used in 
conjunction with chemical analysis to determine the surface of certain 
key minerals. Regardless of the other minerals present, the standard 
Size-surface values for a given ore mineral will hold for the standard 
elutriator fractions. 

The direct surface determination, and the size surface 
analysis applications of the air permeability method to the evaluation 
of surface in ore dressing products will provide sound data upon 
which the operation and control of mineral dressing operations can be 
based. Surface efficiency relationships should be based, not on 


estimation and guess work, but on measurement. 
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RECOMMENDATIONS 

Although the method described in the above investigations 
is applicable in the present form, improvements are indicated. 

The air=permeability apparatus whuld be improved by a 
smaller cell, say one centimeter in diameter, to permit of the use 
of a smaller sample. This would also permit of a general reduction 
in the size of the apparatus, particularly in the capacity of the 
U-tube. A design similar to the Blaine Apparatus would seem to be 
indicated if provision were made for increasing the length of the 
powder bed for coarse samples. Uniformity of compaction would 
require re-investigation with the smaller cell. A precision timer, 
accurate to one-fifth second, would be desirable. 

In the elutriation procedure, better sizing in the coarse 
range could be obtained by a better choice of straight tubes. A 
means of regulating the temperature to within one degree would 
eliminate the appreciable error introduced by variable temperature. 
There is no apparent reason why the size range could not be extended 
to finer material by use of lower velocities in the larger tubes, 
although the utility of the results is doubtful. 

The surface range of the curves as calibrated by the glass 
spheres is inadequate for the heavier minerals, and although the 
theoretical calculation is acceptable, its validity should be checked 
for hizher surface values. Preparation of the necessary minus 7 
micron glass spheres is possible by the method described, but the 


accurate microscopic evaluation of their specific surface could only 
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be carried out by use of monochromatic light and a better condenser 
System, or by the electron microscope. 

It is apparent that investigation of the effeet of the 
grinding procedure on particle surface should be investigated, so that 
the applicability of the method of size-surface analysis to all mill 
products can be determined. 

The applicability of the method to mineral products suggests 
many problems for investigation, the number of which is indicated by | 
the numerous application of particle surface knowledge to the 


problems of ore dressing. 
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APPENDICES 
Appendix [I 

Derivation of the Equation for the Rigden Apparatus 
Considering the U-tube apparatus in the 
diagram, where P; and Po are the pressures 
above the oil columns in A and B and h 
is the difference in o1i1 level, if do 
is the oil density and dj is the air 
density , 
then P] - Po = hg (dg - dj). 


If G is substituted for g(dg- dj) 


Chem =) Pos) a). Cis 
Since the mass of air in both tubes is constant for any position of 
the oil level 


(H oD ee pT ite: 


where o@ = density of air at unit pressure, 
and a = cross section area of the tubes. 


or ec) a ee) ee (2) 


Substituting from (1) 


Rat fo. 4 8 ey pe ees (3) 


Adding equations (1) and (3) 


Ml Gene ta ie (4) 


If V, = volume of air passing from A into the bed per second, 
then the mass of air passing into the bed = Vj Pjo . This equals the 


rate of change of the air mass in A per second = = d (H +h) a Py o 


dt 2 
Then 
Wai a (Ee) a Py (5) 
dt ia 
For an incompressible fluid, the Kozeny Equation (see page 
39) gives V = (Py - Pg) Ky (6) 
where Ky = A B® : » the permeability constant for the 
kl -8)eu S@ aye L 
bed. 


For a compressible fluid assuming dP constant along the 


axis of the bed 


Pa Vy Peeve. = na ee (Py - Po) Ky (7) 


where P, and Po are entrance and exit pressures and Vj and V2 are 
volumes of gas entering and leaving the bed per second. 
Combining (7) and (5); 


Puihee (y= Po) 6 gE eb) ace, 
2 dt 2 


Substituting for P,; and Pp from (1), (3) and (4) 


h 
2P SND Ge ae tag (+b) 
cas ' Zz ee oH 


simplifying and integrating between tj, and tg and hy and ho 


2 x ene = S [an ny = ( lnh + ()] he (8) 


The final term in (8) may be discarded if h) and ho are kept small 


as compared to H. 
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he 
Then 2 = t = - (ln oa (9) 


Since ois small compared tod, G 4hgdo 
Substituting for G and K in (9) 
2 aE? ghdot moes(lms eee 
kl -E)¢ U S2 dj- La on 


which may be rearranged into the form 


2. - 8 : 
S*° =2 d j AT : E s used th the 
g de np a ed wi 
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Appendix II 


Sample Calculation for /t by the Modified Rigden Rquation 
From theory /& = _ S47 (pg. 139) 


where K = constant for the apparatus with bed depth 1 ecm. 


= 2 gdg e A 
a in hj kU 


he 


QQ 
i 


1 + Sd\(1 -E) ZA 
E 


and f(E)= €£°% ; 
(1 -£) 


For the apparatus at 25°C. 


g = 980 
d2= density of U-tube fluid = 1.108 gm. per ml. 
&@ = cross section of U-tube = 7.22 om.* 
h,= height of top timing mark = 13 cm. 
ho= height of bottom timing mark = 5 em. 
A = cross section of cell = 2.11 emé 
U = viscosity of air = 0.000182 piece 
then K = 47.50 x 104+ 
and WK = 687. 
For air at 25°C. 


X = mean free path of molecules = 9.6 x 107© em. 


Z%Z = slip factor = 3.8 (experimental value used by Carman (52 )) 


Assuming E = fractional porosity of bed = 0.60 


and § 
where d= density of pyrex = 2.23 gm. per om.® 
by calculation 


€ = 1.0933 


specific surface of pyrex powder = 2000 em.* per gm. 


Oe = 3 
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and fC = 1.045 


f(R) = ES = 1.35 
(T= =)* 


Ee) e216 


Then Jt s Sd) 


Vk VEE) ve 


= 2000 x 2.238 
687 x 1.16 x 1.045 


= 5.56 geo l/e 
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Appendix ITI 


Calculation of Specific Surface from Permeability Test 
From theory S = VK Vt Vf) ye (1) 
dy 


where terms are as in Appendix II. 


Since C =1+Sd, 1-B ZX (2) 
E 


calculation of S from (1) involves solution of a binomial equation. 
To avoid this solution a preliminary estimate of S will usually give 
a close approximation for VC . 
Assuming E = .555 
and /t = 19.0 from a permeability test where S is 
estimated at 6000 sq. cm. per gm. for a quartz powder (d), * 2.65). 
then C = 1 + 0.412 = 1.412 
J/é = 1.19 
VF (E) = 0.935 


S = 687 x 19.0 x 0.935 x 1.19 (Using constants from 
2.65 Appendix IT) 


= 5500 sq. cm. per gm. 
Recalculation of C using this value of S will eliminate 


the error due to estimation. 
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Appendix IV 
Calculation of Specific Gravity of Binary Mixtures 


If in one gram of a binary mixture there are x grams of 
material A, specific gravity d,, and (1-x) grams of material B, 


specific gravity dg, and the specific gravity of the mixture is d, 


then volume of component A in one gram is x, 
dy 
and volume of component B is l-x; 
d 
2 


while volume of one gram of mixture is 1. 


Therefore x + lx =1 
dy dg d 


For a mixture 50 per cent. pyrite (sp. gr. 4.95) and 50 per cent. 
quartz (sp. gr. 2.65) 
aq = 4.95 x 2.65 
-5 x 2.65 + 5 x 4.95 


= 3.44 
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